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SECTION 1

INTRODUCTI ON

This report describes the results of a study whose purpose was to

determine how and to what extent the radiative output of DNA's Thermal

Radiation Simulator (TRS) could be increased. Another purpose was to

recommend a program for realizing that higher level of output. This study

constituted the first phase of a program whose goals are to create a

radiation simulator producing:

a A radiative flux exceeding 160 cal/cm 2-sec

* A radiation color temperature effectively greater than 40000K

A simulator with these levels of performance has been referred to as a

High-Temperature Radiation Simulator or HTRS. The study was performed

under Contract DNA 001-83-C-0224 during the period of August 1983 through

September 1984.

1.1 The Rationale for the Study

The need for an HTRS stems from the requirements that certain military

equipment must be capable of surviving the thermal effects of a nuclear

burst. At the minimum distances of interest, the incident radiant thermal

flux from a nuclear burst on a target may be as high as a few hundred

cal/cm2-sec with a comparable deposition of thermal energy. Moreover,

the color temperature of the thermal radiation approximates that of a

black body at about 5000 to 60000K. DNA's current TRS only produces

thermal radiation having a color temperature of about 28000K and maximum

flux of about 60 cal/cm 2-sec.

The current TRS utilizes a highly exothermic chemical reaction, the

combustion of aluminum with oxygen, as the source of the radiation. The

HTRS program continues to emphasize exothermic combustion processes. The

reason for this is practicality. Combustion is a means of rapidly

releasing a very large amount of energy over a large area from materials

which can be stored in a small space. The equipment required to perform

1q



the combustion is relatively inexpensive and is easily transported to

different test sites.

1.2 The Scope of the Study

The study consisted of an examination of the pertinent literature and

some theoretical analyses. The literature examined dealt primarily with:

0 The fundamental features of the combustion of metals with oxygen

and

* The radiative and optical characteristics of metal-oxygen

combustion products.

The theoretical analyses focused on:

* Calculation of temperature and energy released from the

combustion of various fuels with oxygen and fluorine oxidizers,

* Estimation of radiation from a cloud of hot particulates,

a Determination of the approximate relationships between radiative

flux and flame height versus flame velocity, particle size and

flame thickness,

S Interpretation of combustion data to determine the burning rates

of metal particles, and

' A qualitative analysis of the fluid dynamic and temperature

structure of the present TRS's aluminum-oxygen flame.

Based on these results, a set of techniques was defined, which could

* lead to the attainment of the HTRS goals. Additionally, a program of

experimental research was outlined to explore, develop and implement these

techniques.

2



1.3 Principal Conclusions

Theoretical calculations of chemical equilibria show that the combus-

tion of aluminum, zirconium, beryllium and titanium with oxygen can pro-

duce flames which will equal or exceed the HTRS goals. The theoretical

flame temperature of a stoichiometric mixture of aluminum and oxygen is

39770K and the heat available in the combustion products above 33000K

(the radiant flux from a black-body at this temperature is

160 cal/ca2 -sec) is 4956 cal/g-Al. The corresponding values for

zirconium are 42790K and 2036 cal/g-Zr. The study emphasized only the

combustion of aluminum and zirconium because beryllium and its oxide are

toxic and the performance of titanium is expected to be similar to but not

as good as zirconium.

Measurements of the color temperature and the output of visible light

from commercial photoflash bulbs further support the conclusion that the

HTRS goals can be met with aluminum and zirconium. The radiation produced

by these bulbs is similar to that of a black body with an effective color

temperature of about 4100 and 44000K, respectively. The energy radiated

at these temperatures is approximately 3000 and 1600 cal/g of metal,

respectively. Additional radiation is produced as the metal oxide

combustion products cool to lower temperatures.

Aluminum powder burns in oxygen by a vapor diffusion process in which

the temperature of the aluminum particle does not exceed its boiling

temperature, 27660K. Nearly all of the energy for radiation is released

only when the oxide, A1203(0), condenses from the vapor phase.

Zirconium powder burns in oxygen mainly by the reaction of oxygen at

the surface of the particle. The temperature of the burning particle is

limited by the boiling temperature of the oxide, 42790K (calculated) or

43000K (measured for a single particle). About one-half the energy for

radiation Is generated in the burning particle; the other half is

generated by the condensation of oxide, Zr02(), from the vapor phase.

3
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Condensation from the vapor phase tends to produce particles of oxide
usually characterized as a smoke, i.e. particles about one micron or less

in diameter. Experimentally, smoke-size particles are observed in burned

photoflash bulbs and in the residues from single particles burning in a

cold oxygen atmosphere. The optical mean free path in these smokes is
predicted to be very short, only a few centimeters.

Calculations of the radiation from a metal-oxygen flame, using a

one-dimensional model, show that radiation can develop very steep

temperature gradients at the periphery of the flame. The steepness of the

gradients depends inversely on the optical mean free path. Therefore the

maintenance of high radiative flux at the surface of the flame is favored

by relatively large-size particulates which allow a long optical mean free

path. Consequently, in order to obtain a flame that is tall and has a
high level of radiant flux, the particulates in the flame should be

relatively large, larger than is characteristic of "smokes", provided the

thickness of the flame exceeds the optical mean free path. The adverse

effects of smoke-size particulates can be compensated for by increasing

*the velocity of the flame and the turbulent mixing in the flame. The

latter tends to reduce the temperature gradients.

The periphery of the flame can be cooled by non-radiative processes

such as mixing with cold ambient air. The same one-dimensional calcula-

tions of radiation also showed that such cooling will markedly reduce the

level of radiant flux.

The flame of the present (in 1983) TRS is believed to be very "smoky"

and therefore it has a very short optical mean free path. Most of its

radiation occurs from a vertical segment of the flame which is about four

meters high and which can be characterized, fluid dynamically, as a

turbulent jet. Between this segment and the nozzle of the TRS is a short

segment of rapid, pressure-driven expansion. Significant entrainment of

cold air is expected in these segments and hence the periphery of the

flame consists of an optically thick sheath of relatively cold oxide

particles. This blocks-out the radiation from the hotter core of the

flame, and is believed to be the main reason why the present TRS cannot

4
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achieve its potentially high level of radiative perfomance. Mixing with
ambient air must be minimized in an HTRS.

The emissivity of aluminum oxide, and hence the radiation from
aluminum-oxygen flames, may be sensitive to impurities and the presence of
free metal. Additionally the presence of small amounts of moisture,

carbon dioxide and nitrogen in the combustion gases appears to affect the
characteristics of aluminum-aluminum oxide surfaces. These materials
could have a beneficial effect on the emissivity of aluminum oxide as
well.

1.4 Recommended Development of Techniques to Enhance Radiative
Performance

The findings of this study suggest six techniques which have the
potential of achieving the HTRS goals.

(1) Cold Gas Envelope. The TRS flame would be encircled by a stream
of air or oxygen whose velocity matches the velocity of the
flame. This will minimize mixing with cold air and result in a
thinner sheath of cold particles. The height to which such
protection of the flame can be extended depends on the width of

the envelope.

(2) Hot Gas Envelope. A fuel gas such as propane or cyanogen would

be burned in the envelope to heat it to between 2000 and

45000K. This can virtually eliminate non-radiative losses of

heat from the flame.

(3) Zirconium Powder Fuel. Zirconium powder rather than aluminum
would be used as the fuel. The resulting flame should have a
color temperature of close to 44000K and a correspondingly high

level of radiative flux. A cold or a hot gas envelope probably

would be required as well.

(4) Fuel Rich Mixtures. Mixtures which have less than the

stoichiametric amount of oxygen would be burned in the flame.

5 a
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This technique may result in an increased emissivity of the metal

oxide particles. Also, it is a technique that might be

successful in controlling the optical mean free path of

zi rconi um-oxygen fl ames.

(5) Additives. Iron or nickel, which form black oxides, and/or

water, nitrogen or carbon dioxide would be added in small

quantities to the fuel. These could increase the emissivity of

the particles in the flame.

(6) Powder Particle Size. A metal powder with a range of sizes would

be burned. For the aluminum TRS, in particular, this could allow

the growth of larger particles of oxide, which, in turn, would

improve the optical properties of the flame.

As a first step, it is recommended that the effectiveness of these

" techniques be explored with a laboratory-scale burner. Powders of

.:. alumi num and zi rconitum would be burned at rates between 20 and 200 g/sec

- with gaseous oxygen. The radiative properties of the flames produced

would be studied with calorimeters to measure flux and spectrometers to

7 measure color temperature. Flux and color temperature would be determined

. as a function of the width, velocity and temperature of a gaseous

*I envelope, and of the metal particle size, stoichiometry, flow velocity,

thickness of the fl ame and additives.

With the data obtained, existing TRS units may be modified to improve

" the characteristics of their radiative output. Also the data are expected

to suggest new HTRS designs which then would be tested in prototype

versions.

4.
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SECTION 2

THE HTRS GOALS AND PROGRAM

There is a growing and pressing need to obtain high-fidelity

simulation of the nuclear environment for weapons testing. The thermal

pulse from a nuclear explosion is a key part of that environment, and its
Mcorrectm simulation is essential. New tests (e.g. DMA's series of

high-explosive shots) and new facilities (e.g. the Amy's proposed Large

Blast Thermal Simulator) are being designed with great pains taken to
provide for simulation of thermal effects.

Towards this purpose Science Applications International Corporation,

under the sponsorship of DNA, has developed thermal simulation techniques
based on the combustion of aluminum with oxygen as the source of thermal
radiation. These techniques have evolved over a period of approximately
nine years, culminating in the current Thermal Radiation Simulator, or

TRS. This device burns a partially premixed, two-inch jet of aluminum
powder and liquid oxygen.

Unfortunately the simulation provided by the TRS is not as good as

desired. Its spectral temperature i s only about 28000K verses 5000 to

60000 K for a nuclear fireball. Additionally the maximum radiative

themal flux from the surface of the aluminum-oxygen jet flame is only
about 60 cal/cm2-sec. Testing of many new weapon systems requires 200
cal/cm2-sec of thermal flux delivered on a target. On the other hand

the present TRS has important advantages, including the ability to
Irradiate large targets (e.g. 20 feet wide by 16 feet high) and to be used
both in the field and at fixed locations.

In August 1983, DNA launched a new program to correct the deficiencies
i in performance while retaining the existing advantages. A new type of

TRS, a High-Temperature Thermal Radiation Simulator, HTRS, is to be
developed. This device has the following performance goals:

i7
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9 A color temperature exceedi ng 40000 K

* A fi me-surface flux exceeding 160 cal/cm2 -sec
- A high level of reliability

* Retention and utilization of a maximum of the TRS's hardware

This report describes the results of the first phase of this program.

The objectives of this first phase were:

* Understand the mechanism of the present TRS
* Understand the combustion mechanisms and thermal radiation

potential of fuels and oxidizers for HTRS
* Recommend modifications of the TRS which will reach the HTRS

performance goal s

. Plan a development program for the HTRS.

The scope of this phase included a literature search for data on the

*-. combustion mechanism of potential HTRS fuels and on the optical properties

-:: of the combustion products, and theoretical calculations to predict the

.- performance of selected HTRS fuels. One key output of this phase is the
considerable evidence indicating the potential of combustion of metal

.. powder fuels with oxygen for meeting the HTRS performance goals. Other

key outputs are the conceptualization of techniques for realizing this

potential and the formulation of an experimental approach for testing the

techniques at a small scale. It is believed that these experiments will
constitute a fruitiful second phase of the HTRS program.

8..
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SECTION 3

CHEMISTRY OF RADIATIVE FLAMES

* This section presents a discussion of the thermodynamics and chemistry
of combustion systems. Based on the evidence available it is concluded
that metal powders can burn with oxygen at high flame temperatures and a

major fraction of the combustion energy can be released at temperatures
near to or exceedi ng 40000K. Moreover, the fl ames contai n
condensed-phase combustion products which can serve as a source of
continuum radiation at the flme temperature. Although they burn by quite
different mechanisms, aluminum and zirconium appear to have the best

potentials as fuels for a HTRS.

3.1 Fundamental Criteria for a HTRS

At the beginning of this phase of work, it was immediately recognized
that to achieve the HTRS performance goals, a combustion system (a given
combination of fuel and oxidizer) must:

1) Have a high flame temperature; this is attained through highly
exothermic and stable combustion products

2) Have a high emissivity; this is provided by particulate

combustion products

3) Have a high heat capacity at a high temperature; this is provided
by condensation of liquid or solid combustion products from their

vapors.

Additional requirements include highly reliable hardware and a minimum of
fire, explosion, and toxicity hazards. Also the HTRS should have a low

operational cost and utilize the existing TRS hardware a to maximum
extent.

9.4 .. -..-. . *4* *.. A.'e 4 - ' 4 - - - 4S - . - .-
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Because of their position in the Periodic Table of the elements,

elemental oxygen and flourine, and certain compounds containing these

elements, are generally recognized as the most energetic of all oxidizing

materials. Indeed, liquid oxygen, nitrogen oxides and perchlorates have

received continuing use as oxidizers in common rocket propellant systems.

In that application, the ability to generate a large amount of energy per

unit weight of material is an important selection criteria. This criteria

is consistent with that of generating high combustion temperatures. On

the other hand, high-energy fluorine-containing oxidizers presently are

little used in rocket propellant systems primarily because of their

general instability and corrosive nature. Nevertheless, the combustion of

fluorine with hydrogen and lithium, especially, are popularly known as

combustion systems with the highest flame temperature.(1) However, the

combustion products, hydrogen fluoride and lithium fluoride are gases

above 20000K. In fact all fluorides, that might be the basis of a

combustion system for attaining high flame temperatures, are gases at

30000K or lower.(2) Hence it appears that fluorine combustion systems

cannot meet the last two criteria listed above.

However, it was thought that fluorine-oxidized systems could be made

to satisfy those criteria by including a source of carbon, which in the

absence of oxygen would condense into an amorphous solid and serve as a

source of continuum radiation. The flame temperature and heat capacity of

several such combustion systems were calculated with the NASA equilibrium

thermochemical computer program.(3) The combustion systems considered

included:

* Lithium and tetrafluoroethylene

0 Aluminum and tetrafluoroethylene

o Boron and tetrafluoroethylene

• Magnesium and tetrafluoroethylene.

10
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The equilibrium composition of formulations, which were stoichiometric
to the metal fluoride, had solid carbon in the combustion products, but

the flame temperature was less than 36500K. Also the heat content above

33000K (theoretical blockbody radiation at this temperature is 160
cal/cm2 -sec) was low (e.g. 2460 cal/g for alinum) compared with oxygen

combustion systems (see below). Furthermore the results of the

calculations indicated that the sublimation of carbon together with the
endothermic dissociation of the metal fluorides limited the flame

temperature of these types of systems to relatively low levels.

The rationale for the use of tetrafluoroethylene was that it

simultaneously provides carbon and fluorine. Clearly a more energetic

fluorine oxidizer (e.g. elemental fluorine) could be used as the oxidizer,

but then the combustion system would require a third component, a source

of carbon. Although a somewhat higher flame temperature might be obtained

by using fluorine, it was reasoned that the fl me temperature would still

be limited to a level less than 37000K by the endothermic sublimation of

carbon.

Therefore combustion systems containing fluorine were not given

further consideration. This decision also is supported by practical

considerations for the TRS. Fluorine and all "high-energy" fluorine

compounds (e.g. C1F 3, NF3, etc.) are toxic and corrosive, and are

therefore difficult to handle.

In contrast, combustion systems using oxygen oxidizers do meet the

three basic selection criteria. Many metal powders burn easily in oxygen

with flme temperatures ranging from 3300 to 43000K and yield

condensed-phase combustion products. The metals giving the best

theoretical performance are those in the Periodic Table located in the
first two rows of groups II A and III A and group IV B. These same

periodic groups of metals also are known to be high-energy fuels for

rocket propellants. The flame temperature of the combustion of these
j%

metal powders with oxygen is the boiling temperature of the metal oxide,

which in a TRS will be the normal atmospheric boiling temperature.(5) A

major fraction of the metal's combustion heat is stored in its partially
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vaporized oxide. As radiative cooling proceeds, the oxide vapors condense

(or recondense) with a large exothermic heat effect.

With these consi derati ons in mind it was concluded to focus the
research in Phase I on combustion systems consisting of a metal powder and

oxygen.

3.2 Chemical Thermodynamics of Oxygen-Metal Powder Combustion

This section describes the results of a thermochemical analysis of
oxygen metal powder combustion systems. The analysis shows, based on
thermodynamics alone, that aluminum, zirconium, titanium, and beryllium
are fuels having the potential of meeting the HTRS goals. However,
beryllium and its oxide are toxic and is therefore unsuitable for most
expected applications of a HTRS.

Table 1 lists the metal fuels, whose combustion with oxygen were

evaluated theoretically. The fuel-oxygen mixtures, which yield a high
combustion temperature, also produce a condensed-phase combustion

product. The table includes several pertinent properties of the fuels and
their oxides. The first of these is the boiling temperature of the
metal. As discussed in subsequent subsections, fuels with boiling
temperatures well below the boiling temperature of their oxide will burn
with vapor diffusion flames (e.g., Mg and Al). When the reverse is true,

combustion occurs via direct oxidation on the surface of the fuel particle
(e.g., Zr). The third item listed is the boiling temperature of the

oxide. This also is the upper limit of the combustion temperature because
vaporization of the oxide is highly endothermic especially since most
metal oxides dissociate to gaseous sub-oxides and atoms in the vapor. The
next two items, the heat of combustion of the metal and the ratio of this

heat to the sensible heat of the oxide at a minimum desired temperature,
in this case 33000K, are indicative of the energy potentially available

for conversion into radiant power. The temperature of 33000 K was
selected as a base for comparison because a blackbody at that temperature
produces a radiant heat flux of 160 cal/cm2-sec.
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Table 1 includes the metals of Groups II A, III A, and IV B. Cyanogen,

a gas, also is included for comparative purposes and because its

combustion with oxygen yields one of the highest flame temperatures known

for any combustion system, 48540 K. Unfortunately the mixture of

cyanogen and oxygen which burns at this temperature does not yield a

condensed-phase combustion product. A mixture containing 70 percent

cyanogen does produce condensed carbon (soot), but the flame temperature

of this mixture is only 35500 K.

The table indicates that there are a large number of metals with heats

of combustion exceeding 2000 cal/g, but a relatively few whose oxide does

not boil or dissociate at temperatures below 40000K. These latter

include Zirconium beryllium, Yittrium, Thorium, and Lanthanum. Aluminum

and calcium are two metals whose oxides boil above 39000K, which is

close to the goal of 40000K. Of the remaining metals, the oxides of

most boil below 30000 K. These include boron, the Group VIII metals

(with the exception of iron), Groups I B and II B (as represented by

copper and zinc) the alkali metals (as represented by sodium) and

tungsten. The oxides of a few other metals have intermediate boiling

temperatures, 3000 to 38000 K. These include all the alkaline earths

(except calcuim), chromium, manganese and iron.

Zirconium has the highest ratio of the heat of combustion to the

sensible heat of the oxide, 4.17, and this together with the high boiling

point of its oxide, 42790K, indicates a high potential for meeting the

HTRS goals. Other metal oxides with a high boiling temperature and a heat

ratio above three include the oxides of aluminum, beryllium, titanium,

yittrium, lanthanum, and thorium. Calcium's heat ratio is less than three.

Yittrium and lanthanum are rare earths and their use in large

quantities as fuels would be very costy. Thorium is radioactive as well

as costly, and it too is not desirable for an HTRS. Calcium is a very

soft metal and is not available as a powder. Moreover, calcium corrodes

rapidly in air and therefore would be difficult to handle. Hence, calcium

too, appears to be an unsuitable fuel for an HTRS at this time. Finally,

beryllium and its oxide are toxic, and hence this metal, too, would be

15



unsuitable for HTRS applications. However there could be applications in

the future in which the combustion products would be contained, and then

beryllium would be a suitable fuel.

With these considerations the selection of fuels for an HTRS narrows

down to aluminum, beryllium, titanium and zirconium. The thermodynamic

potential of these fuels therefore was examined further using the

above-mentioned NASA computer program for chemical equilibria. (3) The

*i program was used to compute the flame temperature, the heat content of the

combustion products as a function of temperature, and other properties of

the equilibrium combustion of these metals with oxygen. Table 2

summarizes the computed results, listing the flame temperature and the

combustion heat available above 33000 K. Plots of the heat content

verses temperature for burned stochiometric and oxygen-rich mixtures

containing aluminum, beryllium, zirconium and titanium are presented in

Figures 1, 2, 3, and 4, respectively.

The results in these exhibits confirm and enlarge those presented in

* Table 1. The highest temperature, 42790 K, is reached by burning a

stoichiometric mixture of zirconium and oxygen, and the heat available

above 33000K is 2036 cal/g of zirconium, which is 71 percent of its heat

of combustion. As predicted by Table 1 and demonstrated in Table 2 this

is the the highest percentage of combustion heat for all of the fuels

listed.

Burning beryllium metal is predicted to yield the next highest flame

temperature, 42040K, and as also shown in Table 2, 9403 cal/gm of metal,

or 59 percent of the combustion heat, is available above 33000K.

* Beryllium fuel yields the most heat per unit weight of metal.

Aluminum fuel has the second highest yield of available heat per unit

weight, 4956 cal/g for a stoichiometric mixture with oxygen. The flame

temperature, 39770K, is only slightly less than the HTRS goal.

Combustion of titanium with oxygen also should yield a flame temperature

close to the HTRS goal. However, the yield of heat above 33000K is less

than that of aluminum.
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The plots of available heat as a function of temperature in Figures 1,

" 2, 3, and 4 illustrate an important point. Currently the present

-' aluminum-fueled TRS burns a mixture which nominally contains oxygen in 30

percent excess of the stoichiometric amount. This is done because the

-. extra amount is believed to be necessary to ensure complete combustion.

* However, as shown in the exhibits, this tends to reduce the amount of heat

available at the highest temperature compared with a stoichiometric

mixture. Considering a stoichiometric aluminum-oxygen mixture (Figure 1)

* approximately 3800 cal/g, or 51 percent of the heat of combustion, is

* available at the flame temperature, about 3977 0K. Similarly for

zirconium (Figure 3) approximately 1600 cal/g, or 56 percent of the heat

of combustion, is available near the flame temperature, 42790K. This

may be compared with oxygen-rich mixtures in which the same amount of heat

is available only over a range of lower temperatures. The reason for this

- is somewhat obscure, but it stems from the fact that the total pressure of

*. gaseous metal oxide species above the liquid oxide is primarily a function

of temperature. The presence of a diluent, either reactive as is oxygen

* or inert as is argon, results in a higher fraction of vaporized oxide,

compared with the stoichiometric case at the same temperature. Also,

*because of the heat capacity of the diluent, the flame temperature of the

stoichiometric mixture is always greater relative to the mixture contain-

" ing diluent. Thus the amount of available heat above a given temperature

' when excess oxygen is used is always less than the stoichiometric case.

Therefore, based on equilibrium thermodynamics alone, the maximum

* availability of heat for radiation at the highest temperature is obtained

- from mixtures which are stoichiometric to the oxide. However as will be

discussed in subsequent sections, a stoichiometric mixture may not

necessarily provide a flame with a maximum radiative flux.

. 3.3 Combustion Characteristics of Aluminum and Similar Metals

This section reviews the state of knowledge about how powders of such

metals as aluminum and beryllium burn in oxygen. The basic combustion

* mechanism is described, together with how the burning is affected by

, particle size and gaseous impurities. However, there are few data on how

22

* . a"a



* these characteristics affect the radiative properties of a metal
powder-oxygen flame. Some insight, however, is provided by a "first

principles" analysts.

*v 3.3.1 The Vapor Phase Combustion Mechanism

Virtually all the information about the combustion mechanisms of these
metals derives from experiments with single particles and small-diameter
rods ignited and burned in cold gaseous atmospheres. With one exception,
there are no studies of larger metal-oxygen flames, i.e. flames which are
orders of magnitude larger than the fuel particles. The observations
appearing in the literature on the combustion of solid propellants are not

especially relevant because of the vastly different environment, high
pressures and complex gaseous mixtures, as compared with a TRS.

" Based on the results of the single-particle experiments, aluminum,
beryllim, calcium, magnesium and many other metals burn as a vapor

diffusion flame. (5) The essential criteria for this type of combustion
is that the boiling temperature of the metal be lower than the boiling

temperature of the oxide. Thus combustion heat vaporizes metal from a
burning particle and the vapors diffuse away and eventually react with
oxygen to form gaseous oxides. Subsequently as conditions permit, metal
oxide condenses exothermically as a smoke of fine particles at some
distance from the burning particle. Heat and reactive species diffuse

* back to the metal particle to supply energy for vaporization.

This reaction mechanism is illustrated schematically in Figure 5.
This mechanism is characteristic of combustion in atmospheres with a high
concentration of oxygen, in which the rate of combustion is high. When
the oxygen is diluted with inert gases or when other oxidizing species are
involved, the rate of combustion may be less, temperatures lower and con-
densation of oxide may occur on the surface of the burning particle. (6)

These features are based on substantial experimental evidence. During

the combustion of aluminum and magnesium, the spectral lines of the metal

atoms often are observed in absorption against a continuum (from

23
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Figure 5. Approximate combustion mechanisms of aluminum and zirconium in
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I
condensing oxides). (5) This indicates that the atomic metal vapor is in

the coldest part of the flame. On the other hand, spectral lines of Al0

(a gaseous oxide intermediate) are found to be brighter than the continuum

indicating that this species forms in the hottest part of the flame.(5)
d

In cold atmospheres with a high oxygen content, the condensed oxide

formed is a smoke consisting of particles less than 5 microns in

diameter.(6,7) Single burning particles quenched on a glass slide show a

halo of fine particles surrounding the metal particle. (7) Highly
magnified photographs of burning aluminum particles show a strongly
luminous sphere centered around an inner luminous sphere. (6,8) The inner

sphere is the burning particle and the outer sphere is the condensing

particles of liquid oxide. As the oxygen content of the atmosphere

increases, the 1 uminosity of the outer sphere also increases and the
burning particle becomes hidden. (8)

In analogy with the combustion of droplets of liquid hydrocarbons, a

consequence of this "vapor diffusion" combustion process is that the

theoretical burning time of a metal particle should be proportional to the
square of the original diameter of the particle. (9) It is well estab-
lished that the rate of diffusion of heat or mass to a small particle, per

unit area of its surface, for which the particle's Nusselt number is
constant (about 2), is inversely proportional to the diameter of the

particle. (9) On the other hand, the mass of metal to be burned is

proportional to the cube of the diameter. Hence the burning time, which

is the quotient of the total mass and the rate, is proportional to the

square of the diameter. Data in Wilson and Williams' paper confirms this
estimate. (8) Figure 6, showing a logarithmic plot of the burning time of

aluminum particles versus their initial diameter, is taken from their

paper. The data plotted are those obtained by many investigators, and

they cover a range of diameters from 20 to nearly 500 microns. Also, the

data apply only to atmospheres with oxygen contents of 10 to 31 volume

percent. The data fall between two curves of the form:

t ~d 
2

tb " 9 (1)

p

me i
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where tb is the burning time (r in the paper), d the initial diameter,

and pa constant depending on the oxygen concentration in the combustion

atmosphere. The two curves correspond to two values of p: 1.4 x 10- 3

and 4.0 x 10- 3 cm2/sec.

The burning time also is a strong function of oxygen content.

Examples are presented in Figure 7 which show the measured burning times

of 250 micron aluminum particles in cold oxygen-argon and oxygen-nitrogen

atmospheres at a total pressure of 700 torr. The data are taken from

Reference 6. For oxygen-argon atmospheres, the burning time is nearly

inversely proportional to the oxygen partial pressure, which is an

intuitively expected result. Burning time has a stronger dependency on

oxygen content in oxygen-nitrogen atmospheres. This suggests a different

mechanism, which, in view of the observations to be described

subsequently, is not surprising. The data in Reference 6 also indicate

that saturating the cold atmosphere with water vapor produces a small

decrease in burning time.

3.3.2 The Effects of Diluents on the Combustion Mechanism

In several papers Prentice and others have criticized the "d2 " law.

There are two basic reasons for this. The first is that, over a limited

range of particle sizes, the burning time dependency often appears to be

linear (eg. See plots of data in References 6 and 10). However there are

data which justify particle diameter burning time exponents ranging from

1.0 to 2.4 . (6,8)

Second, alumium particles burning in atmospheres containing nitrogen

or water vapor undergo a variety of erratic behavior. (6,7,10) In

single-particle combustion experiments in air and atmospheres containing

nitrogen, aluminum oxide condenses both as a smoke and in the form of a

globule on the burning metal particle. Near the end of combustion the

globule has grown to contain about a third of the original quantity of the

aluminum in the particle. Apparently, the condensation of oxide on the

molten aluminum droplet is enabled by the presence of nitrogen; a complex

Al-N-O phase is formed which permits molten oxide to "stick" to the metal.
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No such globules are formed during combustion in atmospheres of pure

oxygen or in mixtures of oxygen and argon. However, the addition of 5 to

10 percent of nitrogen in argon-oxygen atmospheres, permits the formation

of the oxide globules. With more than 10 percent nitrogen, the globules

and metal fragment explosively as combustion nears completion. The

globule, apparently because of surface forces, grows as a "cap" on one

side of the particle. This results in vaporization of aluminum only from

the opposite side, as shown clearly in photographs of quenched burning

drops. The assymmetry of the vaporization also is evident in time-lapse

photographs, in which the burning droplets are observed to spin at high

rates. (6, 10)

When water vapor is present, the burning particle is encased inside

a hollow sphere of molten oxide. (6,7) Particle spinning also is

observed. (6,7) Similarly, during combustion in CO2 , condensation of

the oxide on the burning aluminum particle is observed, and this is

believed to be enabled by the formation of a complex Al-C-O phase. (10)

Eruptions from and fragmentation of the burning particle also occur in

atmospheres containing nitrogen, water vapor and carbon dioxide. (6,7)

The eruptions are believed to be gas driven, the result of a phase change

with the sudden evolution of nitrogen, carbon oxide or hydrogen (see the

description of zirconium combustion in Section 3.4). (6) During burning,

the particle may undergo one or more eruptions, and a larger violent

eruption (explosion) usually terminates combustion. (6)

Condensation of oxide on the burning metal particle, assymmetric

vaporization, and eruptions do not occur in pure oxygen and oxygen diluted

with argon (6, 8, 10,).

These erratic processes also dramatically affect the size and shape of

the oxide particulates produced. Photographs of aluminum particles, 20 to

350 microns in diameter, burning in pure oxygen and oxygen-argon mixtures,

show oxide condensing in a sphere of smoke at a distance of 3 to 5

particle radii. (8, 10, 11) As mentioned above, these particles are very

small, being less than 5 microns in size. When water vapor, carbon
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*" dioxide or nitrogen are present, both smoke and much larger particles are

formed. At first, larger accumulations of oxide are formed via

condensation on the burning aluminum particle. Subsequently, these

accumulations are fragmented by the several eruptions and the terminal

explosion. In dry nitrogen-oxygen mixtures, the explosions generate solid

oxide particles which are smaller than the original aluminum particle. In

the presence of water vapor, hollow oxide spheres (oxide balloons) and a

few solid oxide spheres are produced. Table 3 (from Reference 6)

summarizes the types of aluminum oxide particulate matter formed in the

*- various types of oxygen containing atmospheres.

* 3.3.3 The Source of Thermal Radiation During Aluminum Combustion

Thermal and visible radiation from the combustion of powders of

aluminum and similar metals has been investigated experimentally to some

extent. This will be discussed in Section 4 in detail. Here, the

above-described combustion data will be used to show that a negligible

fraction of aluminum's combustion energy can be radiated from small

aluminum particles, 15 microns in diameter and smaller, burning in oxygen,

and instead essentially all of the radiation can only be generated as the

oxide condenses.

The energy radiated, Qr, by one gram of burning aluminum particles

is:

Qr = Jr n Ap tb (2)

where n is the number of aluminum particles in one gram, Ap is the

time-average area of an aluminum particle during burning, tb is the

burning time defined by Equation (1), and Jr is the radiant flux emitted

by the particle. The number of aluminum particles in one gram is simply:

6
n * -- (3)

mPm Trd
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Pm is the density of aluminum and d is the diameter of the particle.

Since according to Figure 6, d2 is approximately linear in time during

burning, the time-averaged area of a particle is:

i d2  (4) -

A P GO ,MM

p 2

Finally, if it is assumed that the emissivity of a burning aluminum

particle is unity, then the maximum radiant flux it can emit is

Jr " 4  (5)

where Tb is the boiling temperature of aluminum metal, 27660K (see
Table 1) and a is the Stefan-Boltzmann constant, 1.355 x 10-12 cal/cm 2

-sec-OK 4 . Substituting these expressions into Equation (2) yields:

4
3o T d

Q - ,cal/g (6)~Prop

which shows that the radiation emitted during burning is directly

proportional to the diameter of the burning particle. In pure oxygen, the

minimum value of P is estimated to be 4x1.4x10-3 = 5.6x10-3cm2/sec.

With d = 15 microns and P = 2.7g/cm 3  the total heat radiated by an

aluminum particle burning in pure oxygen is estimated to be 24 cal. This

is less than one percent of the heat available for radiation above

33000K (see Table 2).

The above calculation shows that a neglegible quantity of energy is

radiated by an aluminum particle burning in pure oxygen. The calculation

presented below shows that it is the condensation of liquid oxide from the

vapor phase which generates essentially all the energy available for

radiation. Vapor phase combustion of aluminum produces a number of

gaseous sub-oxides such as AlO, A120, A10 2 , and A1902. As shown

in Figure 5, some of these oxides can diffuse back to the aluminum
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particle where they may react exothermically and provide heat for

vaporization. For example:

AlO+Al(l) = Al20,AH = -60.8 kcal/mol. (7)

Also, the gaseous sub-oxides may diffuse away and ultimately condense

on nuclei of liquid aluminum oxide. Figure 8 shows the temperature,

enthalpy and composition of the combustion of aluminum with oxygen which

is 30 percent in excess of the amount stoichiometric to A1203. (This

is the nominal aluminum-oxygen composition of the current TRS flame.) The

figure shows that under adiabatic conditions, the combustion of aluminum

to form gaseous oxides alone (condensation assumed not to occur) is

sufficiently exothermic to vaporize and consume the aluminum particle.

The temperature, 3010 0K, is almost 2500K above the normal boiling

temperature of aluminum metal (27660K). However, the enthalpy

difference between the gaseous oxide products and the equilibrium

composition, in which condensation has occurred isothermally, is about

5,000 cal/g of aluminum. This is about 76 percent of the total heat of

combustion of aluminum with oxygen (as seen by comparison with the data in

Table 1).

The main conclusion to be drawn is that it is the condensation of

gaseous aluminum oxides which will supply the energy for thermal

radiation. The amount and intensity of the radiation, which is derived

from the condensation, therefore will depend on the temperature of the

oxide particles as they form. This in turn will depend on the rate of

condensation (ie. the rate of heat release) versus the rate of heat loss

both by radiation and by non-radiative processes. The latter, for

example, includes the dissipation of heat by mixing with cold ambient air,

a mechanism which undoubtedly was operative in the single particle

experiments and likely is a problem with the current TRS. If the

non-radiative dissipation processes can be minimized, it is believed that

the temperature of the oxide particles will be at a maximum, and a

corresponding maximum of radiative flux can be achieved.
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No existing data on the kinetics and rate of condensation of aluminum

oxide during combustion, which would be applicable to a TRS, were found in

the literature. The only data available relate to combustion in solid

propellant rocket motors which have conditions vastly different from a TRS

(eg. combustion at 500 to 1000 psi). Nevertheless as will be discussed in

Section 4.4, the rate of condensation of aluminum oxide can be high.

3.4 Combustion Characteristics of Zirconium and Titanium

This section describes the state of knowledge of how powders of metals

like zirconium burn. An important feature is that much of the burning

proceeds by surface oxidation. This is expected to have significant

effects on the radiative properties of zirconium-oxygen flames. The

effects of impurities on combustion is described, and combustion data are

analyzed to derive a relationship between particle diameter and the time

during which the radiation from a burning particle is at a maximum.

3.4.1. The Surface Oxidation Combustion Mechanism

As may be noted from the data in Table 1, zirconium's boiling

temperature is higher than that of the oxide. One consequence of this is

that much of the oxidation during combustion occurs on the surface of the

metal. Although the boiling temperature of titanium is lower than that of

its oxides, it is still high (almost 36000 K), and surface oxidation also

is a dominant mechanism in the combustion of this metal. This is in

direct contrast with the situation for aluminum, berylium, magnesium and

calcium, in which the oxidation reaction occurs in the gas phase.

Most of the existing knowledge of the combustion characteristics of

zirconium and titanium has been developed from experiments with single

particles. The bulk of these experiments have been with zirconium. Metal

particles ranging in size from approximately 200 to 600 microns in

diameter have been burned in atmospheres of air, helium-oxygen,

argon-oxygen and pure oxygen. (10,12) Under the conditions encountered

in these experiments, the combustion of these metals involved the highly

exothermic absorption of oxygen at the surface of the particle. In air,
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exothermic absorption of nitrogen was involved as well. It is well known

that both oxygen and nitrogen are soluble in these metals. Thus an

important fraction of the heat of combustion was generated in the burning

particle itself and it became a high-temperature radiator.

Figure 9, which is taken from a paper by Nelson, shows the weight gain

- experienced by a series of zirconium particles, initially 525 microns in

"* diameter, burning in pure oxygen. (13) Each particle was quenched in

liquid argon after varying periods of combustion, and then the residue was

. weighed. The data indicate a linear absorption of oxygen at a rate of

* 0.11g 02/cm2 -sec up to a time of 175 milsec. Assuming ZrO2 (1) is

the product, this rate of oxygen absorption implies a chemical heat flux

of about 800 cal/cm2 -sec. This heat is absorbed, and is conducted and

* radiated away such that at about 80 milliseconds the temperature of the

* burning particle has peaked at about 43000+124 0 K, as determined by

* two-color pyrometry. (14) This peak temperature also corresponds to the

peak in the intensity of radiation at 0.85 microns from the burning

particle. During the 80-millisecond period preceding this peak, the

intensity is greater than or equal to about 70 percent of the peak

intensity. (14) At about 40 milsec following the peak, the intensity

falls-off to appreciably below the maximum level. (14) Thus the

* temperature of the burning zirconium particle remains high, above about

- 38000K, over a period corresponding to about 70 percent of its total

- burning time.

• .3.4.2. Oxide Vaporization and Condensation During Combustion

Surface oxidation heating a burning zirconium particle to a high

temperature only describes a part of the combustion mechanism.

*Substantial vaporization of the oxide must occur as well, a conclusion

. which is easily inferred from the rapid uptake of oxygen (see Figure 9).

- As stated above, in pure oxygen the rate for a 525-micron particle is

equivalent to a heat release rate of 800 cal/cm2 -sec. However, not all

of this heat can be dissipated from the burning particle by radiation.

Even if the emissivity of the particle were unity, the maximum radiative

heat flux at the particle's temperature of 43000K is only 463
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The "explosion" zone is discussed in Section 3.4.f. and is caused by contamination
with gases such as uutroeen. The "Spearpoint" zone is a short period of intense radiation
fromn partide caused by the freezing of liquid ZrO2 at 2950 K.
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Figure 9. Relative weight change of burning zirconium droplets as
a function of time
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cal/cm2-sec. Part of the difference, at least 337 cal/cm 2-sec, likely

is absorbed via the very endothermic heat of vaporization (to the

equilibrium composition at 42790K):

Zr02(0) = 0.537 Zr0 2(g) + 0.462 ZrO(g) + 0.462 0(g), (8)

AH = +2352 cal/g of Zr.

Additionally, it is likely, too, that some of the oxidation occurs in

the vapor phase. The calculated equilibrium vapor composition indicates

the presence of ZrO(g). This is confirmed by spectroscopic data obtained

during combustion. (12, 14, 15). Although a substantial concentration of

• "zirconium atoms is not indicated by the equilibrium calculations, the

spectroscopic data shows their presence as well. (12, 14, 15) Hence,

some of the heat of combustion of zirconium must be released by partial

oxidation and condensation of oxide external to the burning particle, a

feature which is similar to aluminum combustion.

Thus the data presented in Figure 9 are somewhat misleading. In more

" fully instrumented experiments, Nelson and his coworkers and Charagundla

et.al. showed that there is a substantial vaporization of the oxide and,

due to the aerodynamic factors associated with these single particle

experiments, nearly all of the vaporized oxide is reabsorbed at a later

time on the parent particle. (11,12)

That vaporization does occur is evident from the observation of

condensed oxide around the burning particle. (11, 12) Photographs have

shown the existence of a "fog" of oxide particles in a spherical cloud

surrounding the parent particle. Larger particles of oxide grow at the

perimeter of the cloud, and these circulate up the sides to the top. (The

zirconium particle is in free fall as it burns.) Usually a large oxide

"follower" drop forms by agglomeration and follows the parent zirconium

particle. Apparently it is held in place close to the parent particle by

aerodynamic forces.
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After reaching a size, which may correspond to an appreciable fraction

of the parent patricle, the "follower" drop touches and coalesces with

it. This process of growth and coalescence of oxide drop with the parent

particle may occur several times during a zirconium particle's

combustion. These detailed observations explain the steady gain in weight

indicated in Figure 9.

The detailed photographs also show that upon coalescence of a

"follower" drop of oxide, the spherical cloud collapses and coalesces with

the parent drop as well. (11, 12) The likely explanation for this is

that the oxide droplets are relatively cool (a result of radiation and

conduction into the cold oxygen atmosphere used in the experiments.)

Hence, their coalescence causes a momentary cooling of the parent

particle and, consequently, a momentary interruption of vaporization of

oxide and zirconium atoms. This then results in the collapse and

coalescence of the fog as well. Immediately after this, there is little

resistance to continued diffusion of oxygen to the surface of the

particle, and hence vigorous oxidation resumes. Thus the rate of burning,

and the temperature of the particle is oscilatory, as observed (see the

discussion in the next subsection).

It is pertinent to contrast the combustion of single particles with a

known, practical zirconium-oxygen combustion system. Very fine zirconium

foil is burned with oxygen in several types of commercial photoflash

bulbs. High-speed movies (Fastex Camera) of the combustion and analysis

of the combustion products for M-3 flash bulbs have been made. (5) The

movies showed the bulb to be filled with burning particles in violent

motion. This was contrasted with aluminum-filled flash bulbs in which,

when fired, no burning particles could be seen; the illumination was

homogeneous. This is consistent with the burning mechanisms described.

Examination of the zirconium combustion products showed 10 to 200

micron particles stuck to the glass of the flash bulb's envelope. The

larger particles had streaks of a white "smoke" around them. There also

were loose spheres in the bulb: a few hollow spheres about 700 microns in
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diameter and a much larger number 150 to 300 micron spheres. The

occurrence of "smoke" about what must be quenched burning particles is

consistent with the fog of oxide particles observed in the single particle

experiments. The hollow spheres probably arise due to contamination of

either the zirconium or the oxygen with nitrogen. This will be discussed

further in Section 3.4.4.

,* 3.4.3. Radiation from Burning Zirconium Particles

The relative intensity of radiation at selected frequencies and the

apparent temperature of burning single zirconium particles has been

measured. (11, 12) Intensity of luminosity varies during combustion as

shown in Figure 10. This figure is a record of the intensity of the

lunminosity of a 350 micron particle burning in a pure oxygen atmosphere

at 300 torr (0.395 atm). (11) Following ignition, the luminosity rises

steeply, within 10 milsec, to a plateau. At about 35 milsec after

ignition, the luminosity decreases slowly until, at about 85 milsec after

ignition it again rises steeply to another plateau, slightly higher than

the first. As mentioned above this sudden increase in luminosity was

shown to coincide with the coalescence of the "follower" drop and the

.' momentary collapse of the fog of oxide particles. (11, 12) Subsequently

the luminosity again decreases slowly until at about 130 milsec the

luminosity begins an approximately exponential decrease. This decrease is

believed to be associated with a change in the mechanism of oxidation in

which the rate becomes controlled by the diffusion of oxygen within the

molten particle. The reduced rate of oxidation results in a lowering of

* the burning particle's temperature. At about 240 milsec the burned

particle undergoes the "spear point" phenomena, which is a small increase

in luminosity caused by the onset of freezing of liquid zirconium dioxide.

Similar results were observed at higher pressures of pure oxygen (up

to 0.82 atm). However the peaks in luminosity were greater and the same

* events occurred in a shorter time. Additionally more than one oscillation

* in luminosity may occur because of the repeated coalescence of oxide

droplets with the burning particle.(12)
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Through measurement of the relative intensity of luminosity at

*T selected wave lengths, the temperature of a zirconium particle burning in

pure oxygen at 0.82 atm has been measured to range between 3800 and

43000K. The temperature of the fog of oxide particles has not been

measured. However the fog is much less luminous and therefore is believed

to be at a lower temperature than the burning particle for the reasons

stated above.

The visible spectrum of burning zirconium particles also has been

observed. (12, 14, 15) Besides the continuum, a strong banded spectra of

ZrO(g) together with the lines of Zr(g) were observed. These spectral

lines are strongest just after ignition. Subsequently, their intensity

decays and fades away completely at about the time of the burning

*' particle's peak luminosity, and just before the luminosity begins its

final exponential decrease.

The combustion of zirconium particles apparently provides two sources

* of energy for radiation. One is the burning particle itself; the other is

the condensation of oxide from the vapor phase. As mentioned in the pre-

. ceding subsection, radiation from the burning particle accounts for

- approximately half of the combustion heat liberated, up to 463

- cal/cm2 -sec. The balance is liberated in the smoke.

*. 3.4.4. Effect of Diluents on Combustion

Generally the effect of diluents is to reduce the rate of combustion

(increase the burning time), lower the temperature and reduce the

intensity of radiation from the burning particle. The presence of

*i nitrogen, even in very small amounts, results in the "explosion" of

* burning particles near the completion of their combustion (see Figure 9).

Figure 11 shows the burning times of 525-micron zirconium particles in

helium-oxygen and argon-oxygen atmospheres at a total pressure of 625 torr

S(data from Reference 12). In this exhibit, burning time is defined as

time of the onset of the exponential decay of luminosity (see Figure 10).

The burning time in the helium mixtures is approximately inversely
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proportional to the mole fraction of oxygen in the mixture. This is the

intuitively expected behavior based on an external diffusion,

rate-controlled process. Surprisingly, however, the burning time is

inversely proportional to the square of the oxygen mole fraction when

argon is the diluent. There are no corresponding data for mixtures

containing nitrogen. The reason for this difference in the effect of

helium and argon on burning time is not understood, however, part of the

difference may have been a difficulty in interpreting the time of on-set

of exponential decay in luminosity.

Table 4 (from Reference 12) illustrates the effect of diluents on the

' maximum measured temperatures of burning zirconium particles. The

temperatures were based on ratio pyrometry with calibration against a

carbon arc at 3800 0K and the assumption that the particle radiates as a

grey body at all temperatures. Compared with combustion in pure oxygen,

in which the maximum temperature is about 43000K, the maximum

temperature in 30/70 oxygen-helium is only about 32000K. The lower

temperature is intuitively correct, considering that the lower oxygen

concentration results in a correspondingly slower rate of oxidation.

Figure 12 (from Reference 14) illustrates trne effect of a diluent on
the intensity of radiation from the burning particle. The exhibit

consists of a set of traces of the intensity at 0.83 microns versus time

for a series of helium oxygen mixtures. The most obvious effects of

dilution with helium is the lowering of the maximum intensity of the

radiation and the spreading-out in time of the radiation. These effects

are consistent with the lowering of the maximum temperature and the slower

* burning rates as noted above.

Also, examining the details of the traces shows that at concentrations

of oxygen above about 40 percent (mole basis) the radiation intensity

oscillates and the frequency of oscillations increase as pure oxygen is

* approached. As explained in Section 3.4.3 these oscillations result from

the repeated buildup and collapse of the fog of oxide particles. The
coalescence of oxide droplets with the burning particle is a phenomenon

4. 44



Table 4. Estimate of maximum burning temperatures by ratio pyrometry

(initial droplet diameter: 525 M; total pressure: 625 TORR)

SOURCE REFERENCE 12

Oxygen

Diluent Mole Fraction (OK)

None 1.00 4390

1.00 411C

1.00 4390

Helium 0.90 4310

0.90 3650

0.90 4160

0.80 3830

0.80 3830

0.80 3700

0.80 3830

0.80 3830

0.70 3900

0.70 3750

0.70 4480

0.70 3650

0.70 4160

0.60 3560

0.60 3860

0.60 3580

0.60 3790

0.50 3740

0.50 3480

0.50 3500

0.40 3290

0.40 3640

0.40 3290

0.30 3260

0.30 3070

0.30 3290

Argon 0.80 3900

0.80 3790

0.80 4020

0.60 3640

0.60 3400
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dependent on the concentration of oxygen: below an oxygen partial

pressure of about 200 to 300 torr, it does not occur. (11, 12)

Although not discussed in the literature, the above described dilution

effects on combustion with oxygen probably apply at least in a general way

to nitrogen. However, the lowering of maximum temperature and radiation

intensity may not be as severe as it is for helium because nitrogen can

react exothermically with zirconium:

Zr(s) + 1/2 N2 (g) ZrN(s),AH298 = -956 cal/g-Zr. (9)

This heat of reaction is about one-third of that with oxygen.

One phenomenon caused by nitrogen has received some attention in the

literature. When nitrogen is present, and especially in air, the

combustion of a zirconium particle is terminated with an "explosion": the

burning particle is fragmented into many much smaller particles. (10) In

a series of remarkable experiments, Meyer and Nelson showed that the cause

* of the "explosions" were the growth and rupture of micro balloons of

molten zirconium oxide. (15) They showed that nitrogen was the gas

filling the micro balloons. The effect occurs when the nitrogen content

is as low as 2.5 percent (mole basis). The balloons were collected by

carefully timed quenching of burning zirconium particles. Zirconium

particles 525 microns in diameter produced micro balloons up to 1730

microns in diameter. Nitrogen was shown to be the inflating gas by mass

spectrometric analysis of crushed micro balloons.

3.4.5 The Effect of Particle Size on the Burning Rate

Burning time as a function of particle size for zirconium particles,

300 to 600 microns in diameter, in pure oxygen and in 60/40 mixtures of

helium-oxygen and argon-oxygen, is shown in Figure 13, which is taken from

Reference 12. The data for burning in pure oxygen suggest a linear

relationship, whereas in impure atmospheres the relationships appear to

have a slight upward concavity. In this figure, the measure of burning

time is the "spear point" time defined in Figures 9 and 10. This is a
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somewhat longer time than the period of maximum radiation and luminosity

as discussed in the preceding subsections (see Figures 10 and 12). For an

HTRS, the period of maximum radiation is a more useful measure; this wab

the measure used in constructing Figure 11, which showed the effect of

oxygen concentration on the burning time of 525-micron particles.

As is, Figure 13 is not very useful for predicting the burning times

of smaller particles. For an HTRS, burning times of less than 100

millisec and particles somewhat smaller than 300 microns are of interest.

Aside from their not-too-useful definition of burning time, the

pure-oxygen data in Figure 13 predict a zero burning time for a particle

approximately 80 microns in diameter.

The burning times of single zirconium particles, 266 to 388 microns in

diameter, in air was measured by Prentice and his coworkers.(10) In this

case, burning time was defined as the time-to-explosion, the phenomena

discussed in the previous subsection. Prentice found experimentally that

this burning time was quite reproducible. These data also show a linear

dependence on particle size.

In spite of its short-comings, the data for the "spear point" time in

Figure 13 can be interpreted to estimate the maximum-luminosity burning

time of both large and small zirconium particles. All that is needed are

three reasonable assumptions. The first assumption permits scaling the

maximum-luminosity burning time with the "spear point" time. As shown by

the data in Figure 10 (which is typical) the difference between the two is

the period of exponential decay of the luminosity and temperature of the

particle. Intuitively, the time constant, T , for this decay should be

directly proportional to the mass of the particle and inversely pro-

portional'to the product of the particle's surface area and the heat flux

from it:
rd 3  d

T CC an- OC $"--&

6wd 2j (10)
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where d is the particle diameter, pis the density and j is the surface

heat flux. The surface heat flux consists of two components: radiation

and convection. The former is independent of particle diameter whereas

the latter is inversely proportional to particle diameter. Here, for

* simplicity, it is assumed that the cooling is governed by convective heat

. transfer and therefore the time constant for cooling is directly

* proportional to the square of the particle diameter:

.T a d2  (11)

Table 5 compares the theoretical convective (Nusselt number = 2.0) and

* radiative heat fluxes from different sizes of particles at two

-T temperatures, 3300 and 40000 K. Although convective heat transfer is the

*dominant mode for small particles ( 100 microns), it is not for larger

particles. Nevertheless it exceeds the radiant flux, and thus as a

convenient approximation it is assumed to be the major mode.

In References 12 and 14 Nelson presented data which indicated that for

* a 525-micron zirconium particle, the maximum-luminosity burning time was

* about 120 millisec, whereas the "spear point" time was about 225

.. millisec. Therefore with the Proportionality (11), a relationship between

the maximum-luminosity burning time and the "sraar point" time can be

- derived:

t s - 0 1p 2  - 38.1d2  (12)

where tb is the maximum-luminosity burning time in seconds and tsp is

the "spear point" time in seconds and d is in centimeters.

The second major assumption is that the transition from the

maximum-luminosity period to the period of exponential decay is governed

. by a critical distribution of the concentration of oxygen. As suggested

* by Figure 9, little free zirconium exists in the particle at this time and
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Table 5. Comparison of the theoretical rates of heat transfer

from burned zirconium particles to a cold atmosphere

Convective Heat Transfera Radiative Heat Transfer
Particle (cal/cm2-sec) (cal/cm2-sec)
Diameter At Particle Temperature At Particle Temperature
(Microns) 40000K 33000K 40000K 33000K

30 9965 6750 347 161

100 2990 2028 347 161

300 997 675 347 161

600 498 339 347 161

a Based on thermal diffusivities, 0.00404 @ 40000K and 0.003379
@ 33000K, in cal/cm2-sec-OK, calculated by the NASA Computer
Program, Reference 3.
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most of this probably is near the center of the particle. The

concentration of oxygen would vary in the opposite manner.

During the period of maximum luminosity, there is a flux of oxygen to

the surface of the particle. The oxygen dissolves, reacts with zirconium

metal, and diffuses towards the center. Whether or not the oxygen is free

or combined with zirconium as it diffuses makes little difference since

only the net concentration of oxygen is of interest. For a molten

spherical particle with an external flux of oxygen, Fo, to its surface,

the concentration of oxygen (expressed as weight fraction) can be

*described mathematically by the equation: (16)

P Dw 6Dt 1 2r 2

d F. d + 4 d -'

2r / 40t
f fn(7 , (13)(r/d) d2

"° n

i where: D is the diffusivity of oxygen in the molten metal,

p is the density of the particle,

w is the weight fraction of oxygen at r,

d is the diameter of the particle,

Fo  is the external flux of oxygen, to the particle

t is time,

r is the variable radius.

Near the end of maximum-luminosity, the value of the quantity

4 t/d2 is expected to be much greater than unity and the summation term

vanishes. This is a consequence of the fact that the particle has

absorbed nearly the stoichiometric quantity of oxygen and therefore w

varies little with r.
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The third assumption is that the flux of oxygen, Fo, to the particle

is constant in time. This is a reasonable assumption in view of Figure

9. However in view of the discussion in Section 3.4.3, the flux of oxygen

is only approximately constant. The assumption of a constant flux is one

of convenience. Additionally the particles themselves are assumed not to

change significantly in size, since oxygen atoms easily fit into the

intersticies between zirconium atoms.

With these ideas in mind Equation (13) is rewritten:

tb P w 1 [/r 2  3 (14)

d6dF, 24D d6k5

where tb is now the time at the end of the maximum-luminosity period.

For a particle of a given size at this time, the right side of

Equation (14) is a constant, with wb a fixed function of 2r/d.

The question now arises as to how tb varies with particle size, d.

This in turn depends on how the external oxygen flux, Fo , varies with

d. If Fo is controlled by a gas phase diffusional process, Fol/d is

expected. (In the experiments, the diffusion Nusselt number was a

constant at a value of nearly 2.) Then the right side of Equation (14)

will be a constant which is independent of d, implying that tb/d 2  is

also a constant.

The data for "spear point" times in Figure 13 were converted to values

of tb, using Equation (12). Table 6 lists these values and the

corresponding values of tb/d 2 . These later values are not constant,

and therefore the assumption of Fo orn to l/d appears to be incorrect.

On the other hand Fo could be independent of d, a situation that,
Sir example, could be a result of the flux being controlled by the rate of

collisions of oxygen molecules (or atoms) with the particle's surface. In

this case Equation (14) may be multiplied by d, giving:
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- b_2 (15 )

d 6Fo 240 d 5

In this case tb/d is predicted to have a linear dependence on d. The

calculated values of tb/d also are listed in Table 6 and are plotted in

Figure 14. The latter exhibit includes both the average values and the

actual data for each particle size. The data seem to fit the predicted

linear dependence on d. Hence it is concluded that the oxygen flux Fo,

is independent of particle size, and that therefore the maximum-luminosity

burning time, tb, is a linear function of particle diameter.

The correlations of tb for burning zirconium in oxygen as

illustrated in Figure 14 may be represented analytically:

tb = d(3.03 - 18.17d), seconds, (16)

where d is in centimeters.

This prediction of the burning time of small particles of zirconium,

based on data only for large particles, must be accepted with caution.

The experience with aluminum illustrates the potential danger. The

combustion of aluminum particles has been studied by many experimenters,

each considering only a relatively narrow range of particle sizes. Their

results indicated that burning time depended on do  (do  is initial

particle diameter), with each experimenter's value of n lying between one

and two. However, as shown in Figure 6, if all experiments are combined,

n 2 seems to be the best choice.
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SECTION 4

METAL POWDER-OXYGEN FLAMES

This section presents a description of the aluminum-oxygen flame of

SAI's TRS as it was configured in 1983. The description is based on

observation of photographs which provide insights regarding the fluid

dynamics of the flame. Additionally a short description of some earlier

work on aluminum powder-oxygen flames at Temple University during the
mid-1950s is provided for comparative purposes.

4.1 Structure of the Flame of the Present TRS

Figure 15 is a schematic diagram of the TRS flame. The diagram was

reproduced from photographs using the luminous boundry of the TRS flame as

a guide. It may be divided into three zones which can be clearly

distinguished in most photographs of the flames. The lowest zone, 1 in

the figure, corresponds to a sharply angled expansion of the luminous

region just above the TRS nozzle. Through recent measurements made during

March and April of 1984, it seems clear that this apparent rapid expansion

of the flame is pressure driven, and the aluminum-oxygen mixture is forced

into the surrounding air. (17) The pressure measured at the mouth of the

nozzle is about 30 psi and is caused by the rapid vaporization of liquid

oxygen, partly from the sensible heat of the aluminum powder and partly

from combustion.

It may be readily calculated that with 30 percent excess oxygen, the

sensible heat in the aluminum powder above the boiling point of liquid

oxygen (about 900K) is sufficient to vaporize about two-thirds of the

liquid oxygen. The heat of vaporization of liquid oxygen at its boiling

temperature, 90.20K, is 50.98 cal/g. (4) The sensible heat of aluminum

above this temperature, assuming an initial temperature of 2980K
(770F) is 37.7 cal/g. Since in the present TRS the overall

stoichiometry of the flame is 30 percent excess oxygen, the flame contains

1.16g of oxygen per gram of aluminum. Hence the ratio of the sensible

heat in the aluminum powder to the heat of vaporization of oxygen is

37.7/(1.16 x 50.98) = 0.638,
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Figure 15. Flow characteristics in a TRS aluminum lox flame
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The second zone extends to a height of 3 to 6 meters above the first,
depending on the mass flow rate of aluminum and oxygen, and, as defined by

the luminous boundary of the flame, expands from about 0.5 meters in

diameter at the bottom to 2 to 3 meters at the top of this zone. The

expansion characteristics of this zone are similar to those commonly
observed in turbulent jet flames. The expansion is a result primarily of

the entrainment of air.

The third zone is the large opaque cloud above the spreading jet. The

entrainment of air in the second zone results in a decreased average
velocity of the jet, and eventually sufficient air is entrained to reduce

the upward velocity of the jet to a minimal value. Additionally, the
entrained air lowers the temperature of the combustion products. The

lowered temperature together with the high loading of particulate aluminum

oxide results in a cloud with a neutral or negative buoyancy. The net
result is the stagnation of the combustion products in what is observed as
a relatively slowly expanding cloud above the TRS flame.

Most of the radiation from the TRS arises from the second zone of the
flame. Stopped-down photographs of this region indicate a high degree of
non-uniformity, with respect to luminosity, and calorimeter measurements
indicate a decreasing level of radiative flux from the bottom to the top
of the zone. (17) Although no other measurements have been made, these

features together with the expansion, noted above, suggest a typical

turbulent jet. In such jets, as is well known, the time averaged velocity

in the axial direction decreases from the center to the periphery of the

jet as shown schematically in Figure 15. (18) This region of velocity
gradient, of course, is due to the entrainment of air as mentioned above,

and constitutes a free shear-layer in which vorticity is being generated

by the shearing action. Hence, if it were available, an instantaneous

measurement of velocity would show a set of ring-like structures (vortex
rings) surrounding the jet, containing mixtures of air and combustion
products moving downward at the periphery relative to the average central

flow. (19)
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The implication of this dynamical behavior is that the hot regions of

the jet flame are shielded by a relatively cold cloud of particulate

aluminum oxide. Moreover, if the particles are small, the average opacity

is expected to be high. However, because of turbulence and the

*- circulation about the vortex rings, the thickness of the shield will

appear to fluctuate as the appearance and disappearance of luminous

.. regions. Time averaged, the entrainment of air and the lowered velocity

- result in a thickening of the cool particulate cloud from the bottom to

the top and, as observed, a corresponding decreasing level of radiative

flux from the bottom to the top.

This is an admittedly qualitative understanding of the TRS flame, and

- it is based on a minimum of quantitative measurements. However, the
"picture" appears to be a reasonable working hypothesis in view of the

. detailed knowledge available for turbulent gas jets and flames, in

general. Following this "picture", "cures" for the low performance of the

- present aluminum fueled TRS immediately suggest themselves and are

discussed in Section 6.

4.2 Temple University Aluminum-Oxygen Torch

Under the sponsorship of the Navy, Army, and the Air Force, each at

. various times, Grosse and his colleagues at the Research Institute, Temple

. University, experimented with metal powder-oxygen flames. (20) Most of

* .their work, described in published reports, dealt with aluminum powder.

" The flames were generated by metering aluminum powder into a flow of

oxygen gas and igniting the mixture as it flowed from the end of a tube.

The flame produced was similar to that of an ordinary Bunsen burner.

The metal powder was metered by a screw conveyer which in turn was fed

by gravity from an inverted conical tank which held the powder. The screw

conveyer discharged the powder into a stream of oxygen which entrained the

. powder. The burner consisted of a short length of pipe through which the

metal powder-oxygen dispersion flowed. Ignition was accomplished at the

-- mouth of the burner (the open end of the pipe) by a coaxial pilot flame

consisting of a fuel gas such as propane, acetylene, hydrogen, or carbon
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monoxide. Typically, the metal powder dispersion ignited within a short

distance from the open end of the pipe, and a flame was produced with a

"bright" zone and then a diffuse zone, further away. Figure 16 shows

schematically the burner and the flame structure.

The burner diameters used ranged from 0.125 to 1.0 inch. The flow

rates of metal powder ranged from 50 to 550 g/min. The flow of pilot

flame fuel gas typically was about 14 I/min (about 0.25 9/sec when propane

was used). Many metal powders were burned in this device including

magnesium, iron, manganese, silicon, titanium, zirconium, and calcium, in

addition to aluminum. Most of the experiments were performed with

al umi num.

Typically the metal powder-oxygen dispersions ignited at the mouth of

burner, although with some metals and at a high flow velocity, ignition

appeared to be at a distance of up to 4 inches. The bright portion of the
flame varied from 1 to 12 inches in length and its diameter from 0.5 to 3

inches, depending on the rate of feed of metal powder (and presumably

therefore the velocity of the dispersion). A photograph of an

aluminum-oygen flame in Reference 19 indicates that a ratio of about 22
for the length of the bright flame zone to the burner diameter can be

attained.

Grosse also determined the blow-off and flash-back velocities of

aluminum powder-oxygen flames in his burner. At a pilot gas rate of 14

1/mnm, the flash-back velocity with Alcoa 10 aluminum powder (average

particle size 17 to 24 microns) was 20 ft/sec (6.1 m/sec). With an
aluminum powder of smaller size, Reynolds 400 (4 to 6 microns), the

flash-back velocity was about 100 ft/sec (30.5 m/sec). The corresponding

blow-off velcities were 300 ft/sec (91.5 m/sec) and 975 ft/sec (297.4

m/sec), respectively. The combustion efficiency was reported to be very

poor for flames near the blow-off limits. As also would be expected, it
was reported that the rate of flow of the pilot gas affects these limits

but no quantitative data were presented.

61

! ::: ... .''. , "'.. .. ,., .'' ..: **" .*.:.:.:-..','. " .: .. . ."',,;2." '*", "." :"',,.i."-*':, .",, . : ' " ' ,



T7 -- 7 7. 77 -7-

fti

(n LAI

Li X

L
A d)-

I.-1

U '4-

-II I

IN. --e'



SECTION 5
THERMAL RADIATION FROM METAL POWDER FLAMES

This section presents a discussion of same measurements and certain
theoretical aspects of the radiative properties of metal powder flames.

The measurements consist primarily of reported data on various types of
photoflash bulbs. The theory deals with the interrelationships between

the radiative power and height of a flame on the one hand, and the size,

concentration and emissivity of a flame's particulate matter and a flame's
thickness and velocity, on the other hand.

5.1 The Radiative Properties of Photoflash Bulbs

Commercial photoflash bulbs are an inexpensive source of high color
temperature radiation. Their purpose is to provide a source of visible
radiation approximating the sun for photographic purposes. In this
respect photoflash bulbs bear some similarity to a TRS.

More importantly, however, the commercial development of photoflash

bulbs has led to the use of the combustion of aluminum and zirconium with

oxygen. Although zirconium is more expensive than aluminum and produces

about one third less light per unit weight of metal, it is a favored

metal, partly because it provides a higher color temperature and partly

because zirconium flash bulbs can operate properly at a lower pressure of

oxygen.

The light-production characteristics of aluminum-filled photoflash
bulbs have been studied in several investigations. (5, 21, 22, 23)

Rautenberg and Johnson studied the spectral characteristics of aluminum

ribbons at low total pressures of oxygen. (21) In both cases, strong

emission from A1O was observed. However in flash bulbs, this emission

which occurs initially, becomes submerged in a continuum spectrum as the
intensity of the flash builds towards its peak. The duration of the flash

typically is 10 to 20 millisec. Rautenberg and Johnson concluded that the

flash closely approximates black body radiation over most of its
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duration. Their principal evidence for this was a comparison of the
brightness and color temperatures of standard aluminum-filled flash
bulbs. They estimated the brightness as the average over the entire

*. projected bulb area and found it to range between 3200 and 34500 K for

General Electric bulbs. They believed that their estimates were low
because high-speed, stopped-down movies of flash bulbs clearly show that
the luminous reaction fills only about two-thirds of the projected area of
the bulb. They estimated the color temperature to be about 38000K,

* which at the time was the accepted value for the boiling temperature of

* aluminum oxide.

Bracco and Weisberger made definitive measurements of the color
. temperature of two types of aluminum-filled photoflash bulbs. (22) They
*-.: measured the relative intensity of the total emitted radiation over the

spectral range of 0.34 to 0.76 microns using special photographic
emul si ons. The rel ati ve i ntensi ties were fitted by a least squares
proceedure to derive a "best-flt" effective black body temperature. The

- small Sylvania M-2 flash bulbs (output, 7500 lumen-seconds) had a color
temperature of 4008 + 760K. The effecti ve bl ack body radiation at

*longer wave lengths was not determined.

According to Nijland and Schroder of the N.V. Philips

Gloellampenfabrieken, the reaction of aluminum with oxygen in photoflash
bulbs can yield up to 680 lumens-seconds/mg of metal. (23) They also

presented data for relating lumens of visible radiative power to the total

radiative power from a black body. Assuming a black body temperature of
* 40000K, the ratio is about 56 lumens per watt. Thus the total radiation

from the combustion of aluminum with oxygen, during the useful period of

:: the flash, is about (680/(56 x 4.18))1000 = 2900 cal/g. This is only

about 75 percent of the 3800 cal/g predicted, based on Figure 1 (see the

discussion in Section 3.2.). The difference may be the result of the use of

"" less than a stoichiometric amount of oxygen in aluminum-filled flash

bulbs.
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The spectral and energy characteristics of zirconium filled photoflash

*bulbs also have been studied. (22, 23). In addition to aluminum-filled

flash bulbs, Bracco and Weisberger also measured the color temperature of

two zirconium flash bulbs using the same techniques. They obtained a

value of 4447 + 830K for the M-3 bulb (output, 16,000 lumen-seconds) and

44800K + 1420 K for the small AG1 (output, 7000 lumen-seconds). The

authors noted that the zirconium measurements gave a greater dispersion

and in particular a very high equivalent black body temperature of

67370K was obtained for the region of 0.64 to 0.76 microns. They

ascribed this dispersion of measurements to contributions of bands from

the molecule ZrO.

Nijland and Schroder performed an extensive investigation of the

energy available for radiation in a zirconium-filled flash bulb. (23) As

the result of many measurements they determined that the maximum visible

output is 450 lumen-seconds/mg of zirconium. They also concluded that the

radiation from zirconium flash bulbs approximates that of a black body

between 4000 and 50000K, based on spectral measurements which were not

described in Reference 20. Assuming a black body temperature of 44000 K,

there are approximately 67 lumens per watt of total radiation. Hence the

radiated energy form a zirconium flash bulb during its useful flash period

is (450/(67 x 4.18))1000 = 1610 cal/g, which is in excellent agreement

with the value derived from Figure 3 (see the discussion in Section 3.2.

Pertinent to a HTRS, these authors point out that the net output of

light depends on the surface area of the bulb per unit weight of zirconium

in the bulb. As zirconium burns, zirconium oxide condenses on the cold

glass wall of the bulb. This layer absorbs radiation form the remainder

of the burning zirconium and thereby reduces the output to a value below

the maximum (ie. 450 lumen-seconds/mg). An analogous mechanism will

operate in a TRS when cold air mixes with the combustion products and

results in the condensation of relatively cold particles of oxide.

The above described results, although on a small scale, strongly

support the feasibility of a HTRS, that a high color temperature with

corresponding high levels of radiative flux can be realized via the
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combustion of aluminum and zirconium with oxygen. Nijland's results,

especially, indicate that nearly the theoretical energy is radiated during

the combustion of these metals, when the combustion is protected from

other modes of energy dissipation.

5.2 Optical Properties of Dispersions of Metal Oxide Particles

As will be discussed in the following subsections, theoretical

arguements and fundamental data support the data from photoflash bulbs and

the projection of those data to large-scale combustion devices.

5.2.1 Absorbtion and Scattering Coefficients

The combustion of metals with oxygen produces radiation from a cloud

of hot particles, and hence any portion of the metal-oxygen flame is a

volume emitter. Because it is a volume emitter there are certain

non-combustion related parameters which are important determinants of the

radiative output. These include:

(1) Absorption coefficient in the TRS flame

(2) Scatter coefficient in the TRS flame

(3) Volume concentration of particles in the flame

(4) Dimensions of the flame volume

(5) Diameter of particulates in the flame.

The absorption and scatter coefficients are the quantities of

radiation absorbed (or emitted) and scattered by a volume of differential

thickness, normal to a pencil of radition. For large particles (with no

negative curviture) such that 2 " r/A)>5,, the absorption coefficient is

Ka "At/4 , (17)

66
.5S ~. S

-*..-', 'S 'S""* . * * . . >. . * :; .. .% : ' S ,"' ,,'-: ,. . ,: ' , ,:,, :<:



and the scatter coefficient is

K a /4 (18)
S t (8

where At is the total particle surface area per unit volume (the product

of the surface area of a particle and the number of particles per unit

volume of the cloud), and c and 0 are the hemispherical material

4' emissivity and reflectivity, respectively. (24) For smaller particles,

the coefficients are complex functions of the radiation wave length, the

complex index of refraction and the concentration and volume of the

particles.

In a HTRS, temperatures of 3300 to 45000K are of interest. The wave

lengths corresponding to the median of the spectral energy distribution of

a black (or grey body) at these temperatures are 1.24 microns and 0.91

microns, respectively. Assuming, then, that the wave length of interest

is about 1.0 micron, a "large" particle for the purpose of radiation

estimates is one whose diameter exceeds 1.6 microns. Combustion of

aluminum may produce a substantial fraction of particles smaller than this

size, whereas the combustion of zirconium will involve much larger

particles as well. For the present, the validity of Equations (17) and

(18) are assumed. The lack of optical data for molten oxides precludes

the estimation of absorption and scattering coefficients for smaller

particles.

5.2.2 Emissivities of Molten Oxides

According to Equations (17) and (18) important factors determining

absorption and scattering coefficients are the particle emissivities and

reflectivities. A search of the literature uncovered little quantitative

information on these parameters for molten oxides. There are however data

on total and spectral emissivities of solid oxides, including those of

aluminum, magnesium, zirconium and titanium. The data for the spectral

emissivities of solid slabs of oxide, at temperatures between 10000 and

20000K are available in Reference (25). A notable feature of the data

for the oxides of aluminum, zirconium and other white oxides is the low
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emissivity in the wave length range of interest, one to two microns. As

an example, Figure 17, shows this behavoir for aluminum oxide. On the

other hand it Is notable that the emisslvity may Increase as the level of

impurities increases (Figure 17). The increase is even more dramatic when
small amounts (eg. 1%) of a black oxide, such as nickel oxide, are added

to aluminum oxide. A four-fold increase in emissivity results. It is

likely that other black oxides such as ferrous oxide (FeO) would have the

- same effect. Although these are solid oxides, the same effects might

T prevail for the molten materials as well.

Carlson measured the emissivity of magnesia and alumina particles

heated in a rocket exhaust. (26) The size distribution of the particles
ranged from sub-micron to about 4 microns. For the alumina particles, the

most numerous size was about 0.7 micron. In a temperature range of about
2000 to 27000K, the emissivity (at X = 0.59 micron) of the magnesia

particles was about 0.4. This value is about three orders of magnitude

geater than the value calculated by Mle theory for solid particles using

index of refraction data at 10730K. In the temperature range of the

experiments, magnesia is a solid and the author ascribed the increase in

emissivity to an unknown temperature effect.

His data for alumina are shown in Figure 18. Importantly, the

emissivity of molten alumina was three orders-of-magnitude greater than

" solid alumina. Moreover, the measured emissivity was a strong function of

': temperature, increasing from about 0.01 at 23000K to 0.1 at 29000K.

The reasons for the large increase upon melting and the strong temperature
dependence are not known, but it was speculated that it is due to the
increase in the number of conduction electrons. Other Instances of a

. large increase in the emissivity associated with the melting of dielectric

material s are known, but quantitative I nformatl on i s 1 ackl ng. (26)

This result has been confirmed in other experimental work on alumina.

Pendant drops of aluminum oxide, 2 to Snun in diameter, were heated by a
C02 laser and observed photographically and pyrometrIcally. (27) It was

observed that the emissivity of the liquid was substantially greater than

that of the solid. Unfortunately, no quantitative measurements were
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made. It was noted also that the emissivity of the molten oxide drops in

an argon-atmosphere was about 37 percent higher than in an oxygen

atmosphere. Upon cooling, the argon-atmosphere drop had a grey appearance

whereas the oxygen-atmosphere drop was white. The authors ascribed the

grey appearance to the formation of free aluminum metal at the surface of

the argon-atmosphere drop.

In other work, aluminum oxide particles prepared with "several volume

percent" of free aluminum were found to have an emissivity that is higher

than that calculated by the Mie theory. (28) The author of this work

concluded that it is the presence of unburned aluminum in the exhaust of

rockets burning aluminum-fueled propellants which leads to IR radiation

which is higher than calculated based on optical data for the pure oxide.

5.2.3 Optical Mean-Free-Path Lengths

The other factor in the Equations (17) and (18) is the total

volumetric surface area of the particles, At/4, which has units of

reciprocal length (particle surface area per unit volume). This quantity

of course depends on the size of the particles and their volumetric

concentration. An estimate of the range of its values in a TRS flame may

be developed from the output of the theoretical combustion calculations

described in Section 3.2. Figure 19 is a plot of the inverse of At/4,

i.e. the mean absorption length for black particles, with =1 in Equation

(17), as a function of temperature for two sizes of aluminum particles.

The conditions selected are those of the products of combustion of

aluminum with 30 percent excess oxygen in equil ibrium at the indicated

temperatures. The estimates assumed that all of the particles are of the

same size and are uniformly distributed.

Not too suprisingly, Figure 19 shows that At/4 (and hence Ka and

Ks  as defined by Equations (17) and (18)) will vary both during

combustion and as the flame gases cool. Above about 39000K this

variation is due primarily to the additional aluminum oxide which

condenses from the vapor. Below about 39000K the variation is due

*; primarily to the decrease in gas volume with decreasing temperature. Also
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as expected, the value of At/4 decreases directly with particle

diameter, since, for a given mass of particles per unit mass of flame

gases, the number concentration of particles decreases inversely with the

cube of particle diameter, whereas the area of a particle increases with

the square of diameter.

Clearly, particle diameter is an important parameter of radiation

output of an aluminum-oxygen flame. Figure 19 shows that if the particles

of aluminum oxide are small and their emissivity is high ( 0.5, say), then

only the outer edges of the flame are the effective radiators. For

example, if the flame contains 2-micron particles of aluminum oxide and

the edge of the flame is at 33000K, Figure 19 and Equation (17) indicate

that the optical thickness or mean absorption path length is l/Ka :

(1/0.5) (0.73) = 1.5 cm. The relatively high emissivity of 0.5 is

suggested by an extrapolation of Carlson's measurements to above

30000K. If the extrapolation is approximately correct, then the

radiation from the flame arises from a relatively thin layer of particles

whose temperature is somewhat above 30000K.

As the outer layers cool to below 30000K, the particle emissivity

decreases to a value of 0.1 or less, and from Figure 19, assuming a

temperature of 29000 K and 2-micron particles, l/Ka = (1/0.1) (0.68) =

6.8 cm. Thus the outermost, cooler layers of the aluminum TRS flame tend

to become transparent. Actually, as cooling proceeds, Ks may increase

significantly, and transmission may occur primarily by scattering.

Thus it is concluded, tentatively, that the mean absorption path for

radiation in the present aluminum TRS flame is very short, much less than

the flame's characteristic radial dimension (see Section 4.1). This tends

to create large radial temperature gradients within the flame, and the

radiation is characteristic of a layer at a temperature Intermediate

between the cooler outside edge of the flame and its hot core. Radiation

from the hotter core of the flame is effectively blocked out. The

following subsection presents a theoretical calculation of the radiation

and this "blockage" effect.
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5.2.4 Estimated Radiative Power of an Ideal Aluinum-Oxygen Flame

Radiation from a cloud of hot particles was analyzed in order to:

* determine the effect of optical mean-free-path upon the level of

radiative flux and
.m9

* determine the trends of the effects of cooling of the periphery
of the cloud, as occurs arouni the present TRS flame because of

mixing with ambient air (see Section 4.1).

To make the analysis tractable, but yet retain sufficient detail to

illustrate the effects of particle size and cooling of the flame surface,

a semi-infinite plane slab cloud was considered in the analysis. The

half-thickness of the slab was assumed to be four optical

mean-free-paths. This geometry is illustrated in the upper portion of

Figure 20. A portion of a cross-section of the half-slab is shown at the
top of the exhibit. The slab is divided into four layers, each with unity
optical thickness, i.e. KaL=I, where L is the width of the layer. Since
optical thickness (at constant emissivity and particle size) is a
conserved quantity, the mass and therefore the heat capacity associated r

with the combustion products of one unit of optical thickness are constant

with respect to changes in temperature.

The emissivity of the particles was assumed to be 0.7, and their
initial concentration was assumed to be 0.4 mg/cc, which is equivalent to
conditions in an aluminum-oxygen flame that has 30 percent oxygen in
excess of the stoichiometric amount. Scattering of radiation was
neglected, an omission which does not produce severe errors over a few

mean-free-paths at high values of particle emissivity.

Radiant flux from the surface of the slab cloud was calculated as a
function of time for four assumed initial temperature profiles and two

*particles sizes. The temperature profiles also are shown in the upper

portion of the exhibit. The results have been plotted in the figure as
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four curves corresponding to each of the assumed temperature profiles.
The particle size effect is shown as a change in the time scale. The

initial temperature of 3977 0K assumed for much of the cloud, is the
adiabatic combustion temperature of aluminum with 30 percent excess

-. oxygen. Combustion is assumed to be complete before radiation begins.
- This is an approximation which is justified because of the very short

burning time, less than one millisecond, predicted for 15-micron

* particles.

The curve labeled 1 in the figure shows the radiative flux when the

periphery of the cloud is not cooled by other mechanisms such as mixing
with cold ambient air. The radiative flux exceeds 200 cal/cm2-sec for

m  about 20 milsec for 2-micron particles and 140 milsec for 15-micron
- particles. The reason the cloud with larger particles can maintain a

higher flux for a longer period of time is simply a result of the fact
- that the longer optical path length allows more of the mass of the cloud

to contribute to the radiation from the surface. The greater mass has a
greater heat capacity and, hence, a greater capacity to sustain high

levels of flux.

The other curves demonstrate the adverse impact of peripheral cooling

- of the cloud before and during combustion of the aluminum powder.

A calculated temperature history of the slab flame is shown in Figure

21. The temperature history corresponds to curve 1 in Figure 20, the

uniform initial temperature profile. Figure 21 illustrates how quickly

steep temperature gradients are developed by radiation at the periphery of

* a hot cloud of absorbing particles. This of course is responsible for the
, rapidly decreasing radiative flux as indicated in curve I of Figure 20.

This analysis assumed a luminous slab flame such that there is no

. mixing of combustion products between layers. As discussed in Section

4.1, the TRS flame is surrounded by a turbulent free shear layer with
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large toroidal vorticies about the flame. These will, on the one hand,
-.

* circulate hot material to the surface of the flame, tending to maintain a

high surface temperature for a longer period time than is suggested in

Figure 21. On the other hand, these same toroidal vorticies draw-in cold

air and mix it with and cool the hot combustion products. Thus by the

time the hot material is circulated to the "surface" of the flame it

already has an established temperature gradient, perhaps as indicated in

curves 2 through 4 in Figure 20. Hence, the net expected result of the

turbulence is a decreased 1 evel of radiation.

* 5.2.5 The Height of a Metal Powder-Oxygen TRS Flame

The importance of the duration of the radiation (abscissa in Figure

20) stems from the usual need for a long or tall flame of uniform surface

"" flux for a TRS. For a given level of flux, Q, the height h, of a TRS

flame depends on the optical thickness, l/Ka, the velocity of the

:* combustion products (in direction of h), v, the density of the combustion

-* products, , and their decrease in specific enthalpy, AH. To a first

v approximation the interrelation of these quantities for a planar flame may

be expressed in the simple equation

v p AMH22h -- - -%h' •(19)
K Q
a

This equation may be derived by equating the energy radiated over the

.- height, h, to the decrease in enthalpy of the combustion products at a

"-" depth, 1/Ka.

Thus, if the other values of the variables are constant, the flame

height, I, can only be increased by increasing the velocity. However, v

- cannot be increased without limit; it cannot exceed the "blow-off" limit

- of the flame (see Section 4.2). Hence it is desirable to be able to

decrease Ka (increase the optical mean free path) and/or increase p.

For an aluminum-fueled TRS, the value of Ka might be decreased through

encouraging the growth of larger particles of aluminum oxide. This, in

turn, might be accomplished by preventing the mixing with cold ambient

air, which favors high rates of nucleation and formation of small
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particles of liquid oxide. Also, by burning a mixture of large and small

aluminum particles, the rate of burning and therefore the rate of

production of aluminum oxide is slowed, compared to the case for small

aluminum particles alone. This will tend to cause the growth of larger

oxide particles. For a zirconium-fueled TRS, Ka might be decreased

simply by burning larger particles. Finally, the value of p may be

increased somewhat, by reducing the oxygen-to-fuel ratio for example.

However this approach is limited because of the obviously adverse effect

on the flame temperature and hence AH and Q.

tI
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SECTION 6
DEVELOPMENT OF A HTRS

The preceding discussion of the combustion characteristics of aluminum

and zirconium, factors which control radiation from clouds of particles

and the dynamics of jet flames suggest 4pproaches for achieving the HTRS

performance goals. These have been formulated into six techniques which

are discussed in greater detail in the following paragraphs. The strategy

of recommended experimental research to explore, develop and implement

these techniques is discussed subsequently.

6.1 Six Techniques for a HTRS

The six techniques for increasing the radiative output of a HTRS are

discussed in the order of their likely importance. The techniques are

summarized in Table 7.

The first two techniques are alternative types of coaxial flows of gas

around the TRS flame. Their purpose is to reduce or to eliminate the

layer of cold particulate matter which blocks out the higher temperature

radiation coming from the interior of the flame. The remaining techniques

consist of chemical and physical alterations of the metal-oxygen flame

itself, such as the use of zirconium powders as the fuel.

It is to be emphasized that the six techniques are not alternatives.

Indeed they are, for the most part, mutually supporting. For example, it

is likely that the use of a cold gas or a hot gas envelope will be

essential. A cold oxygen envelope may be sufficient for a zirconium
HTRS. Although a cold gas envelope is expected to be significantly bene-

ficial fot an aluminum TRS, a hot gas envelope is likely to be necessary

for reaching the performance goals. The effects of mixture ratio and

particle size on the emissivity and flame height of an aluminum TRS likely

will be significant, but may not be discernible without a cold or hot gas

envelope.

80



Ur. -7- W.P~ U

c
4- 46 0 1. £04- c
aL. 4J r.: 0

O ovC as -p u 0 #A.
0 4JoU d CL" CA £ i.

L. iv - L A j.4
a14 1.= iI -4

C S. 04. 41 4A S

4- oa Ci= a)v -C e..-L CiLa
#- C4- o ' Lao tcfl S-.W-a fj

40 IV.E 0 .Cwr a I C 0 06VO l4-
= LUV4b 0 oo a,4 94-0 .

cu o us t4 >% .igd --o
(UO a 0V v w 0O U 4 J06

IVL 4-b Ow 53

x- T 4J0 - *C 0 ue - n CLE li~ 0,u 40- r-V .a%- c a,-
4m~~w5 r-L5 4A4 m~ c 1w o lin4

4-V4- toS C. L..4. qwr fe5 g- 0 v
L. N0s0 apV0 =0 V- U

Q)4)L9 c of~e V. O. 06 m U5.C 00 f..0 CA v

U*-000=6v -

-p-L V 40 U ,-b CA5)V L
ajI = 409L - V " 0 41- 46 .c5

a0 S. CLt . iC - L # .aL.-0 t

Lui 0c a- w %Q 0 CJ Uw
MLC4 0.w. aCA L. n L

S- S- 063 0 Ca, #j 44-
~4-') 410 L. A

*054 ow C* COA.
CL C" 41 UL 4n).. as.a

E u "- 'wa 3.-- - P
a* p- - o. U41 VOO #A Vw 69 C 41 4vL =a El-ws L. t 1 f 0in zC "0.C L. 10 3n ' s

4A~f 146... cC44 ww go 4UC
L. CD L L. n.~ 0 3 044- IA r0 V

0 Co in s.E in Cw
CL in1 * O C0 La -P.J w £

uJ 0 C) Cie to a, 4 4*- * 41 4.1 r..0 w 0 41.

.C~~. C S. 4N0  )(0 V i.Qin~le 40O CA ~ . Kce- so. 1. U0 C

( wina a, a,4-t .30 x uu C uC)0C4

2 C #A

ULL UW 0& WO .00
30 . C S.-r.Lf r- 4 1120" -

31



These six techniques are not the only ones for improvng the overall

performance and applicability of a TRS. There are others and two of

these, a TRS that is focusable and whose radiative output can be

arbitrarily shaped as a function of time, are mentioned in Section 6.2.3.

6.1.1 Cold Gas Envelope

In order to eliminate the accumulation of the slower moving sheath of

cold oxide particles (see Section 4.1), a high-velocity envelope of air or

oxygen coul d be employed to maintain the upward momentum of the periphery

of the jet flame. This is illustrated in Figure 22. By matching the
- velocity of the gaseous envelope with that of the jet flame, the shear

layer at the flame periphery could be essentially eliminated, and as a

consequence, the rate of mixing of the flame combust~on products with the

ambient air could be minimized. This is expected to result in:

- a reduced rate of heat dissipation by entrainment of cold air

- a reduced rate of spreading of the jet flame

. and as a result of these, a flame which produces a higher flux

and is taller.

The height to which the gaseous envelope may be expected to "protect"

the flame is limited by its own loss of momentum as it entrains ambient
air. This height will depend on the thickness of the envelope (true for

* turbulent jets as expected to be the general case here). (18) The
.- relationship between protective height and the thickness of the envelope

will have to be determined by experiment, but the height should be at

least 8 to 10 times the width of the envelope's nozzle.

An advantage of using oxygen rather than air as the envelope gas is

that mixing of the burning metal powder with nitrogen can be avoided. The
presence of nitrogen can have adverse affects on the combustion of metal

" powders as discussed in Sections 3.3 and 3.4.
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1 REGION OF MIXING BETWEEN FLAME AND

ENVELOPE GAS

REGION OF ENTRAINMENT
OF AIR

GASEOUS ENVELOPE
PLENUM

hK-

METAL POWDER-OXYGEN
BURNER TUBE

Figure 22. Diagram illustrating how a gaseous envelope can protect and
reduce spreading of a TRS flame
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6.1.2 Hot Gas Envelope

The gas envelope technique can be carried further by heating the air
or oxygen envelope and thereby either reducing or eliminating the cooling
of the flame periphery by mixing. The heating is easily accomplished by
burning a fuel gas, e.g. carbon monoxide, methane, propane, etc., in the
envelope. If air is used in the envelope, the maximum temperature
achievable in this way will be about 2200 0K, still considerably below
the combustion temperature of aluminum and oxygen. Nevertheless, some
beneficial effect should be observed. However, if the air is replaced
with oxygen, then the temperature of the envelope can be increased to

about 32000K, and very little heat loss from the jet flame via mixing
. will result. Finally, the energy of the fuel can be increased still

further by using a fuel gas such as cyanogen, and with oxygen, the
temperature of the envelope may be boosted to over 45000K. The use of
cyanogen and similar gases may not be desirable however because of their
cost (about $50/lb) and their toxicity.

Burning any of the above mentioned fuels produces essentially
transparent combustion gases (except for some line absorption), and hence

- little or no dimming of the radiation from the TRS flame is expected by

* this mechanism.

6.1.3 Zirconium Fuel

The third technique is to use zirconium as the fuel. Although more
costly than aluminum, and perhaps more difficult to handle, it does have

* the potential of achieving higher levels of both radiative flux and color
temperature. Moreover, since much of the radiation arises from the

* burning particle itself, optical thickness and flame length are expected
to be easier to control. However, as with aluminum, it probably is
desirable to "protect" the zirconium-oxygen flame with an envelope of cool
or perhaps hot oxygen. This has two purposes, first to prevent undue

dissipation of combustion energy and second to prevent the shielding of
radiation by a layer of zirconium oxide smoke, as in the case of aluminum

flames.
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• Heating an oxygen envelope may not be as beneficial as for aluminum

since, as shown in the single particle experiments, a high level of

radiative flux is generated by zirconium particles burning in cold oxygen.

6.1.4 Fuel Rich Mixtures

The jet flame may be formulated to be fuel-rich. In this mode, the

burning rate of the aluminum powder and/or the rate of condensation of

metal oxide might be controlled to some extent, permitting the growth of

larger aluminum oxide particles. This in turn could lead to increased

flame height. Also, the emissivity of aluminum oxide particles may be

enhanced if unburned aluminum condenses in the oxide (see Section 5.2.2).

6.1.5 Powder Particle Size

The fifth technique, also intended primarily for the aluminum TRS, is

to use a wide size distribution of aluminum particles as the fuel. The

intent is to reduce the overall burning rate and to encourage the growth

of larger particles of aluminum oxide. As explained in Section 3.3 and

5.2.5, this is expected to increase the effective length of the radiative

flame.

6.1.6 Additives

The sixth technique also is intended primarily for the aluminum TRS

and involves trying the use of additives, such as iron and nickel, which

form black oxides, and gases such as nitrogen, carbon monoxide and carbon

dioxide. These techniques are aimed at increasing the emissivity of the

molten oxide combustion product as described in Section 3.3 and 5.2.2.

The need for such techniques to improve the emissivity of a

zirconium-oxygen flame Is yet to be determined.

6.2 Recommended Development Strategy

An experimental investigation of the radiative properties of metal

powder-oxygen flames as a function of certain controllable parameters,
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which together comprise the six techniques described above, is

" recommended. The effect of these parameters can be studied using a

laboratory-scale, cylindrical jet flame of metal powder mixed with gaseous

oxygen. This geometry is recommended for three reasons. The first is

that it is similar to that of the present TRS, and hence the results

obtained should be directly applicable to the present TRS. Second, such

flames are the simplest to create. Third, they are symmetrical and are

easily studied.

6.2.1 Concept for the Experimental Apparatus

The apparatus suggested for generating the cylindrical jet flames is

described below. Metal powder would be transported, pneumatically, into

the base of a vertical tube where it would be thoroughly mixed with the

desired amount of oxygen gas. The mixture of powder and oxygen then would

* flow upward and out of the tube as a jet. As the jet leaves the tube it

- would be ignited by a pilot flame of oxygen and propane (or other suitable

: fuel) created by a thin annular burner which completely surrounds the jet

at the end of the tube. A thicker annular plenum would surround both the

pilot burner and the tube end, and the flow of air, oxygen and their

mixtures with fuel would serve to create the protective envelopes that

would be investigated. Care should be exercised in the design and

operation of apparatus to ensure that pressures of the jet flame and the

envelope gas are at atmospheric pressure in order to obtain a smooth

flow. The oxygen-metal powder mixer sh')uld be designed to ensure that

mixing is complete and that the degree of mixing is not a variable in the

investigation.

The above concept of the experimental apparatus has much similarity to

* the current TRS and should make use of that technology as is appropriate

and practical. The cylindrical burner tube has already been mentioned,

but the major item of common experience is the pneumatic technique for

metering and flowing the metal powder. One area of difference is that

gaseous rather than liquid oxygen would be used. This is expected to

simplify both the experimental procedures and the attainment of a uniform

mixture of metal powder with oxygen. Mixing with liquid oxygen,
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especially without a combustion chamber designed for the purpose, is

difficult because the contact between the powder and liquid oxygen causes

a portion of the latter to flash into vapor. This, in turn, tends to

create a vapor barrier between impinging streams of metal powder and

liquid oxygen and impedes their mixing.

The concept of the experimental apparatus also borrows from the work

of Grosse and Conway whose work was discussed in Section 4.2. Their

findings can be helpful in settling the final design of the experimental
burners.

6.2.2 Parameters to Be Investigated

The parameters that should be Investigated with the experimental

burner described above include the following:

0 Type of metal powder (aluminum and zirconium)

* Metal powder parti cl e si ze

. Oxygen-powder mixture ratio

* Flame thickness (burner tube diameter)
.4

0 Powder-oxygen velocity

a Protective, gaseous envelope

- Velocity (relative to the jet flame)
- Thickness

- Temperature

- Composition

a Special Additives in the flame.
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The si x techniques for obtai ni ng the HTRS performance goal s shoul d be
be evaluated by varying these parameters over an appropriate range of
values. Table 8 presents a matrix summarizing the variation of the
parameters for each technique. The justification for the parameters and

their range of values is discussed in the following paragraphs and is
OR based on the discussions in Sections 3, 4 and 5.

The two fuels are selected on the basis of their high potential for
achieving the performance goals. All of the planned testing with aluminum
should be performed first before testing with zirconium. There are two
reasons for this. First, zirconium, because its flames may be more

* optically thin than aluminum flames, may require larger diameter burners.
* It is desirable to gain experience with the small-diameter burners, i.e.

those using aluminum, before proceeding to experiments with the larger
burners. The second reason is that experience obtained with aluminum may

'" be used to guide the more expensive (due to fuel costs) experiments with
zirconium.

The particle size of the metal powders should be selected based
- primarily on burning rate. Based on the discussions in Sections 3 and 4,
. the nominal average size of the aluminum powders should range from 15 to

" 150 microns. Powders of he smaller size are expected to burn completely
. within less than one millisecond, or equivalently, within a few

centimeters of the end of the burner tube, depending on flow velocities.
*" This size would be used in most of the experiments especially those to

investigate the effectiveness of the protecti.ve envelope. Powders
containing larger particles would be used to investigate the effects of

./ size including the possibility of increasing the size of the radiative
. oxide particles and height of the flame. For zirconium, it is anticipated

that powders with a size ranging between 25 and 150 microns should be
used. This choice reflects a compromise between attaining a satisfactory

*optical mean free path with reasonable burner diameters, 5 to 10 cm, and a
sufficiently long burning time, 15 to 40 msec, for adequate flame length
at reasonable jet flame velocities.
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The mixture ratios of oxygen to metal powder that should be

investigated are expected to be within the range of 50 to 130 percent of

stotchiometric. Based on thermodynamics alone, the stoichiometric nixture

should give both the highest color temperature and the highest radiative

flux. However there are other factors which Influence the radiative

characteristics. The high end of the range of mixture ratios is u;ed in
the present TRS, and has been thought to be required to ensure ,.:omplete

* combustion. On the other hand, substoichiometric ratios Pay have

beneficial effects as mentioned in Section 5.2.2. In the case of

i aluminum, a substoichiometric ratio may favor the growth of larger
particles of oxide and may enhance the emissivity of the oxide particles.

. In the case of zirconium powders with substoichiometric amounts of oxygen,

the concentration of burning zirconium particles will be higher in the

* flame which will improve the optical thickness of small-diameter flames.
Moreover, the addi ti onal oxygen needed for complete combustion may be

supplied from an oxygen-containing protective envelope gas. A possible
adverse consequence of substoichiometric mixtures in the jet flame is the

enhancement of agglomeration of unburned particles through collisions,
thereby decreasing the already low optical density in the case of
zirconiun.

At least two diameters of the burner should be used in the

experiments, 2.5 cm and, 5 cm. Most of the experiments with aluminum
*"- woul d be performed with the smal ler tube. This di ameter is recommended

::* based on the expectation that, for aluminum combustion, the optical

• "thickness of a flame of this diameter will be slightly greater than unity

(i.e. KaD> 1). This choice also appears correct based on the fact that
2.5 cm is slightly larger than that of most commercial, aluminum-filled

*: photoflash bulbs.(21) From an experimental point of view, it is desirable

*to make the burner tube as small as possible in order to minimize

excessive requirements for materials.

The performance of aluminum jet flames also should be tested in a

* 5-centimeter tube, both to investigate the effect of diameter on optical

thickness and to investigate the potential for increasing flame height

through an increase in diameter alone.
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For experiments with zirconium, the 5-centimeter burner tube probably

should be used. The reason for this is expectation that the relatively

large particles will require a relatively thick flame for satisfactory

optical thickness. (This is in apparent contradiction to zirconium-filled
photoflash bulbs which are small, e.g. one centimeter in diameter.

However, in these bulbs, zirconium is burned in oxygen which initially is

at a pressure of between 5 and 10 atm, depending on the type of bulb. The

higher pressure permits a high loading of zirconium per unit volume in the

bulb, and therefore provides the needed optical thickness(23)).

As noted in Section 5.2, the velocity of the jet flame is an important

parameter in determining the height of the flame. The height over which
the flame will emit radiation increases with velocity. However, there are

factors which limit the velocity to a particular range. At the low end,

the limit is the flashback velocity which, as noted in Section 4.2, will

be in the neighborhood of 600 cm/sec for aluminum-oxygen flames. At the
high end, the limit is the blow-off velocity, which is governed primarily

by the strength of the ignitor flame and the use of flame holding

devices. Velocities in the range of 1000 to 6000 cm/sec are recommended

for exploration in the investigation. The lower limit is Just above the

expected flashback limit.

The upper limit for velocity is governed by experimental
considerations and limitations for obtaining the needed flow-rate capacity
for the oxygen gas that will be required for both the flame and the
protective gas envelope. It is anticipated that velocity will not be

effective in enhancing flame length unless entrainment of cold ambient air
can be minimized. The flow of envelope gas required is proportional to
the product of the width of the plenum, we, and the velocity of the

envelope gas, ve, which is approximately equal to the velocity of the
flame. The thickness of the protective envelope required for a given
flame height is directly proportional to the height. The flame velocity

required to reach the given height also is proportional to the height (see

Equation 19). Therefore the flow of envelope gas, me, required for

protection is proportional to the square of the height:

me eC we Ve-* h2 . (20)
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The experimental flame height may be estimated with Equation (19) in

Z Section 5.2.5. For aluminum, with the 2.5 cm diameter burner, Q (flame

surface radiative flux) may be approximately 240 cal/cm2-sec, AH Z 4960

. cal/go, Ka - 0.59 cm-1  (1.7 cm optical mean free path), and p- 5 x
S10 -4  g/cc in the jet flame, the expected height of the flame

is:

h = 5x10 4 ) (4960)v = 0.0175v.
(0.59) (240) (21)

For the selected velocity range, 1000 to 6000 cm/sec, h is expected to

range from 18 to 105 cm. This estimate of course assumes the prevention

of air entrainment by the protective gas envelope. A similar estimate for

a zirconium powder fl ame has not been made because of a too high
uncertainty of the appropriate val ue of Ka.

The effectiveness of the protective gas envelope will depend on the

- four variables listed above. It is recommended that the effect of

* velocity over the range of 50 to 150 percent of the velocity of the jet

flame be investigated. In order to minimize shear and mixing with the jet

flame, it is expected that most of the experiments will be performed with

* the velocity of the envelope gas adjusted to be nearly equal to the

velocity of the jet flame.

The thickness of the envelope should be varied from approximately 50

* to 200 percent of the burner diameter. In general, it is expected that

-- the width would be as large as necessary to ensure a maximum height of the

jet flame.

The effect of the envelope's temperature should be investigated, over

the range from ambient to approximately 45000K. The effect of tempera-

ture is expected to be significant for aluminum-oxygen flames, but perhaps

less so for zi rconi un-oxygen fl ames. The hi ghest temperature would be

produced by burning cyanogen in oxygen. Intermediate temperatures, 2000

to 32000K can be produced by burning substoichiometric and stoichio-

metric amounts of propane in an oxygen gas envelope.
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The primary gas to be used in the envelope would be oxygen, for the
various reasons as noted in the foregoing discussion. Because of its
ready availability and the practicality of its use In the field, air also

.1

will be investigated as the envelope gas. When high temperatures must be

generated in the envelope, part or all of the oxygen must be burned with a

suitable fuel, and, as a consequence, the envelope gas will contain

combustion products such as H20, N2, CO and C02. As noted in

Sections 3.3 and 3.4. these may affect the combustion of the metal

powders. However, the presence of these gases is difficult to avoid if

the envelope gas is to be heated by practical means. The effect of these

contaminants should be examined along with the other additives.

The last parameter listed at the beginni ng of this section constitut.s

the additives to the metal powder to enhance the emissivity of the jet
flame's particulate matter. For the reasons noted in Section 5.2.2, the

effect of small percentages of iron and nickel would be investigated.

Also, the presence of small amounts of N2, CO and CO2 contaminants may

affect both the combustion of the powders and the emissivity of the

oxides. These contaminants would be added to the jet flame via their use

to pneumatically transport the metal powders to the burner.

6.2.3 Instrumentation

Since the objective of the investigation is to find means to enhance

the radiative properties of oxygen-metal powder flames, the minimum

recommended primary instrumentation consists of calorimeters to measure
radiative flux and spectrometers to measure color temperature. As a

minimum three calorimeters should be used to measure the flux versus time
at three different heights along the jet flame:

0 Near the base of the flame

* At the top of the radiative portion of the flame

* At an intermediate height.
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The view of the calorimeters and the monochromators should be restricted
to a narrow portion of the flame with collimating tubes. The data from
the calorimeters can be converted to radiative flux from the flme surface

using the known geometry and reflectivity of the tube materials.

The data from the spectrometers would be analyzed to derive an

effective color temperature of the flame. The analysis could utilize a
least squares fit of the intensity of the radiation at selected

wavelengths relative to a reference wavelength. The latter should be
*. selected near the peak intensity but not at a wavelength which obviously

has a strong line radiation component.

The flux and color temperature data would serve as the primary gauge

. of how the metal powder-oxygen flames are affected by variations of the

several parameters. For this purpose, fl ames both wi th and without the

enhancement techniques should be studied for comparison.

In addition to this primary data, supporting data also should be

gathered including:

0 Effective flame emissivity derived from the flux and color

temperature measurements

* Particle size and composition of the combustion products

* General shape and height of the fl me recorded

photographically

" * Flow rates of oxygen gas, metal powder and envelope gas.

The combustion products can be sampled by passing a metal or graphite
plate through the flame at selected heights. Molten particles of oxide

and burning metal will impinge and stick to the plate. A qualitative

appraisal of the particle size distribution of the combustion products may

then be made through microscopic examination of the collected sample. The

extent of combustion for selected samples can be determined via chemical

"*" analysis for the free metal.
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6.3 Implementation of Techniques to Achieve the HTRS Performance Goals

The Investigation outlined in the preceding subsection has a good

potential of being highly successful in demonstrating a high color

temperature and high level of radiative flux. The fact that a high

performance can be obtained with metal powder-oxygen flames has already

been demonstrated on a small scale in photoflash bulbs. Another

anticipated result of the investigation is an understanding of how

radiative performance is effected by the several controllable variables.

At this point, implementation of the techniques to enhance the performance

then can proceed. There are two options for this, one aiming at near-term

applications and the other at longer-term applications.

Near-term applications would involve minor modifications of existing

TRS hardware in order to obtain significant benefits in the current DNA

testing programs. For example, an air curtain is being developed for a

special TRS unit which is to be installed in a large blast and thermal

simulation shock tube facility. The air curtain is intended to prevent

the accumulation of TRS combustion products in the shock tube by

surrounding the TRS flame with a high-velocity air stream and ejecting it

out through a narrow opening in the top of the tube. Information developed

in the above-mentioned investigation could be used to properly adjust the

velocity and temperature of the curtain to achieve increased radiative

performance from the TRS unit. The latter could be accomplished by burning

a fuel gas, such as propane, in the air as it emerges from the plenums.

In the same vein, an experimenter may require a higher level thermal
radiation, than now is available, in a future DNA HE shot. Based on the

results of the investigation, it might be possible to achieve the higher

level of radiation simply by adding a field version of the air curtain.

Applications in the longer term are those that would require more

significant modifications of TRS hardware. Some examples of these are:

0 Development of an improved flow system and mixer for fuel and

oxygen which will be optimum for implementation of techniques to

achieve a high radiative output
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. Development of a full-scale burner for zirconium powder fuel

* Development of an improved radiation system for studying the

effects of thermal radiation on various surfaces and the creation

of thermal layers in air

m Devel opment of techniques to create focusabl e fl ames wi th a very
intense radiative output.

The last could be an intriguing development since a focusable TRS

flame could be used to dri ve certain types of high-energy lasers, as well
as a useful tool for thermal simulation. In this instance what is desired
is a long, small-diameter flame. As already mentioned in Section 6.1, the
use of a gaseous envelope, which has the same velocity as the flme, has

the potential for significantly reducing the angle of spread of the
*flame. By also applying an ejector system above the flame with a properly

designed inlet, it may be possible to reduce the spreading of the jet
flame still further. Hence a flame that can be focused to some degree may
be created by these relatively simple technqiues.

A somewhat more complicated technique also might be used as an
alternative. The central idea in this case is to swirl both the flame and
the surroundi ng envelop gas about the l ongi tudi nal axi s of the flame I n
order to create a strong centrifugal force field. In at least one

*: experiment with a gas diffusion flame, this technique generated a very
:. long vertical cylindrical flame with a temperature gradient at the flame
* boundary exceeding 1,00O0F/cm.(29) The stabilization of such steep
. gradients is partly dependent on the flame gases having a low density

, compared with the surrounding air or gas. In the case of metal
powder-oxygen flames, this technique may not be successful in all

r instances because the effective density of the burned mixture is increased

by the condensed-phase combustion products.

Other techniques that might be used to help to form a focusable flame
include burning larger particles (non-swirled flow) which are less

.. suscepti bl e to having their movement dverted by the turbul ent moti on of

the surrounding gas. In addition, by formulating the jet flame to be fuel
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rich and using oxygen as an envelope gas, the net flow of gas will be

radially inward during burning. This is expected to keep spreading of the

' jet flame to a minimum. These techniques would be especially applicable

to zirconi um-oxygen flames in which large particles are desirable in order

to obtain long burning times and long flames. In this case swirling the

flame reactants might be detrimental.

i
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